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PREFACE 


This report by Professor J R Marrack of the London Hospital 
replaces an earlier one with the same title, No 194 m this Senes, 
of which it is in effect an extensively revised edition The onguial 
report was prepared at the request of the Bacteriology Committee 
of the Medical Research Council, as a guide to further investigations 
into the chemical nature of the phenomena associated with immunity 
to infection, and was pubhshed by the Council in 1934 for the 
assistance of workers in this field Since then the demand for copies 
has testified both to the excellence of the report and to its utihty 
for students of bactenology the Council therefore mvited 
Dr Marrack to revise it m the light of the new knowledge 
acquired during the past few years in this rapidly growing subject. 

Medical bacteriologists are of necessity closely concerned with 
chemical studies which may lead to fuller knowledge of the conditions 
of life of pathogenic micro-organisms, or to better understanding of 
the responses — often highly specific — which these orgamsms evoke 
when they invade the human body Work on these lines, if progress 
is to be made, must obviously take account of fundamental advances 
in the science of chemistry, and it is therefore important that know- 
ledge of these advances and of their bearing on the special problem 
should be made readily available to the investigators Dr Marrack 
has accordingly collected the more important results of recent expen- 
mental work upon the chemistrv of antigens and antibodies, and has 
reviewed that subject in the light of present-day knowledge of mole- 
cular structure The Council are much indebted to him for under- 
taking this task in the first instance, and now for bnnging the work 
up to date 


Medical Research Council, 

38 Old Queen Street, 

Westminster, S W 1 9th February, 1938 
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ADDENDA 


Page Para Line 

89 4 5 After “ proteins ", insert " The quantitative 

studies of Rabat and Heidelberger (1937) 
indicate that tyrosine (and possibly 

histidine), while important in determining 
the serological activity of egg albumin, 
have little connection with the specificity 
of serum albumin " 

127 4 11 After "precipitin", insert "Eagle (1936) 

showed that when the antitoxin was 

saturated with toxin it would still combine 
ivith precipitin " 

144 4 2 After " reactions ", insert " According to 

Meyer (1929), octyl alcohol and various 
other surface active substances had no 
effect on the combination of haemolysms 
and bactenal agglutinins with the corre- 
sponding cells " 

145 3 12 Alter "ammo N " insert " The precipitates 

formed by Wassermann lipoid antigen with 
syphilitic sera contain about 6 per cent of 
protein (Eagle, 1935) " 

186 1 2 After " (Heidelberger, 1930) ", insert 

" Heidelberger and Rabat (1937) and 
Eagle (1938) have more recently shown 
that diazo-treated pneumococcus antibody 
actually does combine with the specific 
polysaccharide " 

Eagle, H (1935) J Immunol, 29 , 467 

Eagle, H (1936) /6id , 30, 339 

Eagle, H (1938) J exp Med , 67, 495 

Heidelberger, M , and Rabat, E A (1937) Ibid , 05, 885 

Rabat, E A , and Heidelberger, M (1937) Ibid , 66, 229 

Meyer, R (1929) Z ImmunForsch , 02 , 338 
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INTRODUCTION 

During recent years a great volume of experimental investigations 
bearing on the nature of immunity reactions has appieared In this 
review I have attempted not only to collect the more important 
results of the mvestigations bearing on the simpler reactions, but also 
to co-ordinate them m a consistent theory Throughout I have striven 
to present as clear a picture as is possible of the materials and processes 
mvolved Many aspects of this presentation may be the subject of 
controversy , some may prove wholly wrong The value of a theory, 
however, does not lie m its immunity to criticism, but m its suitabihty 
for experimental test and its applicability to practice For example, 
the statement that any particular reaction is a complex interaction 
of coUoids and salts may be above cnticism it is also above test or 
application it leaves us where we were If the result achieved here 
IS unsatisfactory, the fault does not lie with the line of approach 
My thanks are due to the Bacteriology Committee of the Medical 
Research Council for their generous advice and assistance 
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CHAPTER I 

PHYSICO-CHEMICAL CONSIDERATIONS 

In this chapter a short and necessarily superficial account is attempted 
of certain aspects of physical chemistry related to the matenals and 
processes involved m immunity reactions Particular attention has 
been paid to recent developments of knowledge of the shapes and 
sizes of molecules and of the application of this knowledge to proteins, 
on account of the particular importance of these developments in 
cormexion with immunological specificity 

One outstanding difficulty in immunology has been to account for 
the specific combmation of an mdefinite vanety of antigens with 
the correspondmg antibodies, in the absence of any evidence that the 
majority of antigens contained any specially reactive groups The 
conception that specificity may be determined, not only by the 
presence of active groups or atoms, but also by their spatial distri- 
bution, affords a solution of this difficulty , for on a large molecule a 
very large number of arrangements is possible But, as long as 
structural formulae were regarded merely as a method of representmg 
chemical properties, such a conception remained purely hypothetical 
In 1917 Dean was justified in speaking of the familiar ' lock and key ’ 
simile as ' merely a diagrammatic representation of the supposed 
facts ’ But, with the advances of recent years, spatial distribution 
and its effects have ceased to be a hypothesis invented to explain the 
phenomena of specificity and have become a deduction from other 
sciences which calls for application to immunology. 

It IS commonly, though not universally, held that the actual com- 
bmation of antigen and antibody is an mstance of adsorption , that 
IS, of a combination of molecules not due to primary valency It is 
therefore necessary to mclude some account of the properties of the 
inter-molecular forces (secondary valencies) which giv'e nse to such 
combinations Also of the effects which these forces have on the 
onentation and configuration of molecules, since these effects may 
play an important part m the further stages of immunity reactions 

A Shapes and Sizes of Molecules 
The distances between the centres of atoms, found by the X-ray 
analysis of crystals have shown that atoms have definite radii, little 
affected by the nature of the comjxiund in which the atoms are 
involved The radii of the atoms of chief importance in organic 
chemistry are shown in Table I Evidence from various sources also 
indicates that the angles between the valency bonds of the atoms are 
also constant The valency bonds of carbon (Fig I a) can be regarded 
as directed towards the centre of the carbon atom from the four 
comers of a regular tetrahedron whose centre coincides with that of 
the carbon atom , I lie angle between any pair of bonds bemg 109° 28' 
Those of nitrogen (Fig I b) are directed towards the centre of the 
atom from three such comers, and those of oxygen (Fig I c) converge 
at an angle of approximately 109°. When two atoms are joined by a 
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Table I 


Radii of atoms in Angstrom units (A = 10 * cm) 


C (diamond structure) 

0 77 

Br 

1 1 

C (graphite ,, ) 

0 72 

I 

I 3 

N 

0 70 

H 

0 4 

O 

0 66 

P 

1 1 

s 

1 04 

As 

1 2 

Cl 

1 0 

Sb 

1 4 



front of the plane of the paper. 

double bond, the Ime joining their centres bisects the angle between 
the valency bonds of each atom (Fig I d) 

From these considerations it must be inferred that organic mole- 
cules have definite shapes and sizes in agreement with their three- 
dimensional structural formulae This is in agreement with what is 
actually found both by X-ray study of crystals and the measurements 
of the areas of surface films For example, the molecules in a crystal 
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of a fatty acid such as palmitic acid have the shape and arrajigement 
shown in Fig II The centres of the carbon atoms he in one plane (here 
the plane of the paper) and are actually arranged m a zigzag cham , 
the distance between one carbon atom and the next but one is 2 ' 54 A 



Fig II (a) Two palmitic acid molecules in two layers of a crystal , the 
hydrogens of the tails are omitted (b) Diagram of two double layers of a 
crystal of a fatty acid 


The carbon atoms of benzene actually form a ring , 
measurements of crystals of benzene, 

H 


naphthalene. 


and anthracene. 



H H H 



the lattice 


show that the width of the molecule mcreases by approximately 
2 5 A with the addition of an extra nng, in agreement with the 
measurements given (Fig III) 
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Naphthalene 



25A 25A 

Fig. Ill Anthracene (H atoms omitted) 
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Not only have the arrangements of atoms and sizes of molecules 
of known substances been found to conform with their structural 
formulae, but X-ray measurements have also given considerable 
information about compounds whose structure was uncertain, as 
for example, cellulose and sdk * 

The shapes and sizes which can, therefore, be attributed to organic 
molecules must play a very important part in determining the 
properties of large and complicated molecules Even relatively 
small molecules give examples of these influences For example, 
maleic acid loses HjO on heating from the contiguous — COOH 
groups, forming an anhydride , while fumaric acid, m which the 
— COOH groups are separated, does not (Fig IV) 




Fumaric Acid 



Fig IV Maleic and fumanc acids, showing the diSerences in the distances 
between the —COOH groups 


^ It may be pointed out that these conclusions about the size and shape of 
molecules are not m the same category as hypotheses of the structure of the 
atom, such as that of Bohr The latter may be described as attempts to 
employ the familiar concepts of matter below the range at which they are 
applicable Such an hypothesis can only give an incomplete description, 
which may be useful, as in the electronic theory of valency But when 
deahng with dimensions above those of atomic structure the ordinary ideas of 
matter can be used, and atoms and molecules can be thought of as occupying 
definite fractions of space, which cannot be occupied at the same time by 
other atoms or molecules It may be more correct to say that when two 
atoms approach within a certam distance the repulsive forces begin to increase 
very rapidly, but the same description would equally be more correct for the 
collision of macroscopic objects Although the knowledge of the dimensions 
of atoms and shapes of molecules is mainly based on X-ray analysis of crystals, 
it IS confirmed by so many independent lines of investigation that it may be 
apphed to chemistry generally without hesitation 
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Although many mstances of stenc hindrance are due to other 
causes, some are undoubtedly due to the actual bulk of parts of 
molecules A striking instance is that of the diphenyls (Richter, 
1932) 


If three of the hydrogens attached to the 2, 2', 6, 6' carbons are 
substituted by other atoms or radicles such as CHj, the two nngs, 
as shown by the optical activity of the molecules, are unable to lie in 
the same plane , the substituent radicles (in the example Rj and Rj) 
prevent this by getting in each other's way 

When dealing with molecules containing some thousands of carbon 
atoms and 40 A or more across, far greater importance must be 
ascnbed to size and shape 



B Intermolecular (Polar) Forces 

The importance of intermolecular forces, which hold the individual 
molecules of sohds and liquids together, is obvious But, since the 
forces acting between small molecules are negligible compared with 
those binding the constituent atoms together, they are generally 
neglected in ordinary chemistry They may be considered as 
originating from the unequal distribution of electric charges in the 
molecule , for example, the hydrogen atoms of water are positively 
charged and the oxygen atom negatively charged, although the 
molecule as a whole is neutral. 

1 Electromc Theory of Valency 

Using the Bohr atom model, the difierences in the chemical properties of 
atoms appear to be mainly due to their outer shells of electrons For in such 
a senes as the horizontal row of the penodic table Ne, Na, Mg, Al, Si, P. S, Cl, 
the atoms differ from the first, neon, only in the outer shell, which increases 
from one electron in sodium to seven in chlonne These electrons are therefore 
supposed to take part in chemical reactions, and are called the valency 
electrons 

When two atoms combme a redistnbution of theif electrons takes place, 
such that the number of electrons in the outer shell of each atom is reduced 
or increased to eight,* the number in the outer shell of the inert gases neon, 
argon, krypton, and xenon The system is most stable with eight electrons 
in the outer shell , hence the chemical inactivity of the inert gases 

This partition of electrons can be effected in two ways 

(1) One atom may give up one or more electrons to another Two 
oppositely charged ions are produced which are held together only by the 
attraction between opposite charges (electro-valency). 


* In the case of lithium, beryllium, and boron the reduction, and in the 
case of hydrogen, the mcrease is to two electrons, the number in the only 
shell of the inert gas hehum 
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(2) Two electrons may be shared between the two atoms formmg a single 
bond These two shared electrons may be supplied one by one atom and 
another by the other (co-valent bond), or both may be supplied by one atom 
(co-ordinated bond] In a double bond four electrons, and in a treble bond 
SIX electrons are shared It is convement to represent the valency electrons 
by dots In the diagram the third oxygen of nitnc acid is attached by a 
co-ordinated bond, since both the shared electrons are supphed by the mtrogen 
atom 

Na- -|- ■C1‘ Na ;C1. 

Sodium atom Chlorine atom Sodium ion Chlorine ion 

(Electro-valency ) . 

:cr. 

-c. -I- 4 .ci: ^ Cl c'ci 

;ci: 

Carbon atom Chlorine atom Carbon tetrachloride (Co-valency) 


■o; . .0- 

. : - 1-0 ^ . • 

h.o:n; • H.ONO- 

Nitrous acid Oxygen atom Nitnc acid (Co-ordination 

compound) 

The electrons are not, however, stationary , the shared electrons of co-valent 
or co-ordinated bonds rotate round the positive nuclei of each atom in a 
figure of eight 

The electrons in a co-valent link are not necessanly shared eqnally between 
the two atoms The loop of the figure of eight round centre of one of the 
atoms (A) may be larger than that round that of the other (B) , m this case 
the electrons will spend more time m the orbit round the nucleus of atom (A), 
and (A) wiU therefore be relatively negatively charged, and, conversely. 
(B) will be positively charged In a co-ordinated link the atom which 
supplies the pair of electrons loses them from its system for part of the time, 
without a corresponding gain as in a co-valent link , this atom is therefore 
positively charged The other atom in the co-ordinate link gams two 
electrons without a compensating loss, and is therefore negatively charged 

The molecules formed may be, on the whole, neutral, but their 
constituent atoms may be positively or negatively charged and 
attract oppositely charged atoms of other molecules According to 
the theory, as here outlined, there is a difference of kind between 
the combmation of two atoms m a molecule (in which case electrons 
rotate round the nuclei of both atoms) and the attraction between 
the atoms of different molecules (m which case the electrons are only 
attracted by the positive nucleus of another atom) It is possible, 
however, that the difference is only one of degree Neverthdess this 
distmction remains , combinations by co-valent or co-ordmated 
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links must obey laws of multiple proportions, whereas this is not 
the case with molecular attractions However, when molecules 
contain numerous combmmg groups of varymg strength it is difficult 
to apply this criterion 

The intensity of the fields of these intermolecular forces falls off 
rapidly with distance ; they are therefore effective only between 
molecules in close proximity The strength of the fields associated 
with different groups of atoms vanes greatly, but is approximately 
constant for any particular group When a hquid is heated the 
increased heat vibrations tend to shake the molecules apart, while 
the intermolecular forces tend to hold them together , the amount 
of heat energy that has to be supplied m order to separate the 
molecules of a liquid, to form a gas, is therefore a measure of these 
intermolecular forces The values given m Table IIa for the energy 
required to overcome the attraction between molecules, due to the 
various groups shown, are calculated from the heat of evaporation 
The effect of these groups m a molecule is usually additive Groups 
*0 

such as —C\ which give nse to strong mtermolecular forces 

^OH 

will be spoken of as polar groups, m contrast with non-polar groups 
such as — CHj— and — CH3, and the intermolecular forces as polar 
forces 

With mcrease of the size of an organic molecule, the polar forces 
are increased with the addition of each group, while the energy of 
heat vibration per molecule does not mcrease Substances consisting 
of large molecules are therefore more rigid and have higher boding- 
points than those composed of small molecules, as may be illustrated 
by a homologous series such as the paraffins With sufficiently large 
molecules, the molecules themselves are decomposed before the solid 
melts , that is, the energy of heat vibration breaks down the bonds 
between the constituent atoms before it disrupts the polar forces 
holding the molecules in fixed position relative one to another 

Large molecules may be closely packed with their polar groups m 
opposition , their attraction for water, on which their solubihty 
depends, will then be reduced m the same way as the ortho-benzene 
derivatives (p 20) Such close packing may result from a specially 
suitable shape, for example, long thread-like molecules, or from a 
specially strong polar attraction between certain sites on the molecules 

Owmg to the short range of polar forces, the spatial arrangement 
of polar groups on molecules has an important effect on the strength 
with which two are held together by these forces If two molecules 
have polar groups A B and A'B', both these groups cannot be effective 
in holding the molecules together if m the one they are separated only 
by a few A and m the other by some 10 A , unless the molecules can 
be distorted As the number of polar groups and the molecular 
surface mcreases, an appropriate spatial distribution of the groups 
will play a greater and greater part in determming the firmness with 
which molecules are held together 
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Table Ha 

Energy reqmred to separate molecules against attraction due to organic 
groups, in calories per molecule (Meyer and Mark, 1930 ) 


-CH, 

-CH,- 
=CH- 
-O- 
-OH 
= CO 

1.780 

990 

990 

1,630 

7.250 

4,270 

-NH, 

-Cl 

-Br 

-I 

-NO, 

3,530 

3,400 

4,300 

5,040 

7,200 

-< 

4.700 

^O 

13,200 

-<„ 

8,970 


■ 

■<CH. 

5,600 

^NH 

10.600 


6,230 

1 

1 



Table IIb 

Relative strength of polar force of organic groups, in order of 
decreasing strength 



-cr 

1 


1 

-C<— OH 
■ MI 


1 

-C<— NH, 

1 -CH, 

Example 

Propicaanude 

Propionic acid 

Propyl alcohol 

Prr)p> 1 
dldch>dc 

Propvl 

aminr 

Propane 


\nh, 


1 /H 

CjH,-C<— OH 

! 


C,H, C<— NH, 
\h 

C,H, CH. 

M P 

75“ C 

-36" C 





BP 

decomiKises 

140 1° C 

97 4“ C 

60 V C 

49“ C 

-37“ C 

SoIuMtfy 
in waler 

V sol 

miscible in all 
proportions 

sol 

1 

sol 

sol 

1 

insol 


2 Orientation of Molecules by Polar Forces 
Films formed on -the surface of water afford a relatively simple 
example of the orientation of molecules under the influence of polar 
forces The oxygen of HjO is negatively charged and the hydrogen 
positively charged A polar group like the — COOH of a fatty acid 
such as palmitic acid is therefore attracted by the water molecules, 
while the non-polar hydrocarbon tail is attracted less strongly (Fig V) 
If there is room, the fatty aad molecule wfll he on the surface of 
water , but if there is insufficient room for this arrangement the 
— COOH will be in the water surface and the hydrocarbon chams will 
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stick up m the air (a ‘ condensed ' film) The distance between the 
chams are then the same as m a crystal ; the film, in fact, is a crystal 
one molecule thick. Molecules of aromatic compounds with 


A 




OH 



A 

as end groups 

\y 

CO CHa 


also form mono-molecular films on water , m the condensed film the 






X Hydrocarbon 
> tails 


COOH heads 


*H-Q" H*0- ♦O" H* I 

V ” H* ” ” 9 Water 

'h* M* “ " 

Fig V Condensed film of fatty acid on water (hydrogens of tails onutted). 


rmg is upright and the area occupied per molecule is approximately 
the same as the effective cross-section of a benzene molecule in a 
crystal 

It IS a general rule that molecules with polar and non-polar parts 
form mono-molecular films , when such molecules are closely packed 
m the film the polar part is m the water surface and the non-polar part 
IS turned away from the water (Fig VI b) The result is the same 



Fig VI Distribution of molecules with polar and non-polar parts in and 
on the surface of water (a) Position taken up on the surface when the 
molecules are not closely packed (b) Position when molecules are closely 
packed on the surface 
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whether the surface is one between the water and arr or one between 
water and a non-polar liquid such as benzene or paraffin. 

If, on the other hand, the molecules of a substance contain no polar 
groups, it wdl not form a film on water, because no parts of the 
molecules are attracted to the water surface 

These conclusions are sufficiently well established for it to be possible 
to employ the study of surface films as a means of investigating the 
structure of unknown substances, for example, oestnn (Adam et al , 
1932) 

In the case of simple molecules such as fatty acids, the onentation 
m crystals is determmed by the same considerations as in a film on 
water The arrangement produced is similar , the polar — COOH 
heads of one layer of molecules is turned towards those of the next 
layer instead of towards the water (Fig II) Molecules m which the 
arrangement of polar distnbution forces is less simple are also onented 
m relation to one another m definite positions determmed by these 
forces and by considerations of size and shape 

3 Distortion of Molecules by Polar Forces 
Owing to the possibdity of rotation round a single bond great 
changes may occur in the shape of organic molecules The hydro- 
carbon tail of a fatty acid is straight in a crystal, but may be bent 
when exposed to unsymmetncal fields of force and is possibly curled 
in a helix when the molecule is in solution 

Molecules may be considerably distorted under the mfluence of 
polar forces In films this distortion may be necessary in order to 
bring the maximum number of polar groups into the water surface 
If, for example, pentaerythntol tetrapalmitate 

Cis Hjj COOH.Cx^Hj OOC C,^ 

C 

Ci5 H,,i cooHj,c/\:h2 OOC h^i 

retained its symmetrical structure in a film the polar groups could not 
get near the surface of the water. It forms a condensed film, however, 
with aU four hydrocarbon chams vertical (Adam, 1928) 

4 Solution 

If the molecules of a substance contam polar groups, and the non- 
polar part is not too great, the attraction of the water molecules for 
the polar groups will be sufficiently great to draw the molecules from 
the surface mto the bulk of the water, that is, mto solution (Fig VI c). 
If the polar groups are weakened, or the non-polar part increased, the 
attraction of the water molecules for one another becomes stronger 
than their attraction for the foreign molecules and these are squeezed 
out of the bulk of the fluid The solution of organic molecules there- 
fore depends op the relation between the number and strength of 
the polar groups and the size of the non-polar part of the molecule 
This IS illustrated by the progressive msolubiUty of fatty acids with 

(44021) B 
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increasing length of the hydrocarbon chain, and of compounds with 
the same number of carbon atoms attached to groups of dunimshmg 
polanty (see Table II b) 

Water molecules are more or less firmly bound to the polar groups 
and move to some degree with the solute molecule and increase its 
apparent bulk The solute molecule is said to be ‘ hydrated ' The 
water of hydration is less available for the solution of other molecules, 
and the hydration can be detected and its extent measured by the 
effect on the solubihty of inert gases 

5 Specificity of Binding by Polar Forces 
The possibihty of great specificity in the bmdmg together of mole- 
cules by polar forces is illustrated by the selection of the molecules 
built into crystals Such molecules have to conform to specifications 
with regard to their dimensions and the distribution of polar forces 
As a result crystals usually consist of only one species of molecule ; 
a fact which has its practical application in the use of crystallization 
for purification However, foreign molecules may be built m to form 
mix-crystals, actually replacmg the primary molecules m the crystal 
lattice, if they do not deviate from the primary molecules too far m 
shape and size, and m the distribution and strength of polar fields 
Such molecules may differ considerably m constituent elements , for 
example, benzene 

H 

I I . 

HC CH 
H 

and thiophene 

HC CH 


and azo benzene 
and stdbene 


HCn^CH ’ 
S 


<ZI>^h-ch<[3 

form mix-crystals 

Less stnct conformity is requued m order that the molecules of a 
substance may be adsorbed on the surface of a crystal For m this 
case only one aspect of the adsorbed molecule need conform to the 
distnbution of polar forces on the surface of the crystal Two types 
of molecules may be adsorbed m this way First those which resemble 
the molecules of the crystal to some degree, but not sufficiently for it 
to be possible that they should be built mto the crystal lattice ; these 
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take the place of the primary molecules on the surface And, second, 
those which do not resemble the primary molecules but present a 
distribution of polar forces which fits that of the crystal surface ; such 
molecules do not have the same distnbution on the surface of the 
crystal as would a further layer of the primary molecules. In either 
case the adsorbed substances inhibit the growth of the crystal faces 
on which they are adsorbed. 

A remarkable specificity may be found in the adsorption of the 
second typie Thus methylene blue is adsorbed by diamond and not 
by graphite, succinic acid by graphite and not by diamond (NeUen- 
stem, quoted by Gamer, 1926) The two adsorbmg surfaces differ 
only m the spacing of the carbon atoms The dye 



IS adsorbed on the cube faces of potash alum , whereas the dye 


NHjOH 


NaOjS 
NaO,S 



OHNHj 

-N=N-<^ ^N=N-'’^^SQaNa 

SOjNa 


which differs only in spatial arrangement is not adsorbed (France, 
1930) Differences may even be found in the degree to which optical 
isomers are adsorbed Ingersoll and Adams (1^2) found that wool 
adsorbed the laevo- and dextro-rotatory forms of the dye formed by 
coupling diazotized phenyl-(^-amino-benzoyl-amino)-acetic acid 


H 




O H COOH 


to dimethyl-anihne, unequally. The two dyes differ only m the 
arrangement of the groups round the C atom in heavy print Differ- 
ences of adsorption m these cases cannot be attnbuted to differences 
of charge of the whole molecule, but only to differences of distribution 
of the polar fields of the molecules 

Association between molecules, as shown chiefly by the penetration 
of a surface layer of one species of molecules. A, by molecules of 
another species, B, has been studied by Schuhnan and Rideal (1937) 
Strong association takes place only if both polar heads and non- 
polar tails of B are suited to those of A That between the 
polar groups of sodium cetyl sulphate and the polar groups of 
other molecules decreases in the order, sterol OH > long chair 
OH > phenol OH > long chain ester > sterol ester. The non- 
polar part of sodium cetyl sulphate is more strongly attracted 

( 41021 ) 
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to saturated long chains and unsaturated condensed ring systems 
(such as that of cholesterol) than to unsaturated long chams 
with a double bond m the middle and saturated condensed nng 
systems. This association is, therefore, specific to a considerable 
degree. 

The adsorption, even of simple molecules such as hydrogen and 
ethylene on apparently uniform surfaces such as those of copper and 
nickel, occurs mainly at suitable patches on the surface (Glasstone, 
1931) It IS with such adsorption, rather than the formation of films 
on uniform surfaces, that we shall have to deal The little work that 
has been done m specific adsorption has almost aU been in connexion 
with surfaces Specific adsorption, however, can also occur between 
isolated molecules, and will be determined by the same factors , it wdl 
become progressively more important with the mcreasing size of the 
molecules concerned, because the firmness of union by polar forces 
and the possibility of a varied mosaic of polar fields increase with 
mcreasing molecular size 

If the adaptation of one rigid* molecule to another m solution m 
water mvolves the distortion of one or both, adsorption is not likely 
to occur, because their polar fields can be satisfied by the free water 
molecules without the necessity of distortion On the other hand, if 
two suitable polar groups are held m proximity, their polar fields may 
neutralize each other and lose the attraction for water on which the 
solubihty of the molecule depends Thus orfAo-benzene derivatives 
such as o-mtro-phenol (Sidgwick and Callow, 1924) 

0-H 


O 

are less soluble than the correspondmg meta- and />flra-derivatives 
m which the polar groups are more widely separated * The mutual 
neutralization of the polar groups is also shown by a greater solubdity 
m the non-polar solvent benzene, and lower melting-point (i e the 
molecules m crystals of these substances attract each other less 
strongly) 

6 Adsorption Isotherms. 

As adsorption that is, the binding of molecules by polar forces, may 
play an essential part m the combination of antibody and antigen, it 
is necessary to consider the quantitative aspects of this combmation 
more fuUy 



1 The ngidity of a molecule is mainly determined by the formation of rings, 
which may be joined either by chemical Imks or by attraction between polar 
groups 

' In this case it is possible that a co-ordinated hnk is formed between an 
— O of the — NO, and the H of the — OH In any case the polar groups are 
neutralized as a result of proxumty. 
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In the kinetic derivation of the law of mass action no assumption 
IS made as to the mode of union of the molecules that combme, except 
that this union is reversible It should therefore be applicable when 
molecules are joined by polar forces, as, for example, when molecules 
such as benzoic acid, dissolved m water, aggregate Even when a 
combmation on the surface of one phase with molecules moving m 
another phase is involved, an equation similar to that derived from 
the law of mass action may be applicable , that is, the equation of 
Langmuir (see Rideal, 1930) 

When, however, there are many combining sites of varying adsorp- 
tive power and complex aggregates are formed, these simple equations 
are no longer applicable The Freundlich adsorption isotherm 
y = KAx'i" 

where y = amount adsorbed, 

X = concentration or pressure of free adsorbate at equilibrium, 
A = amount of adsorbent, 

K and n are constants, n being greater than 1, 
has been found to hold within certain limits in a large number of 
instances It is probably the result of the even vanation of several 
factors that effect the combination The essential difference between 
this equation and that given by the law of mass action is that the 
value of y rises more steeply at low values of x, and, instead of 
approaching a maximum at high values of x, nses continuously 
This last feature appears improbable , it would be expected that a 
saturation value would be reached Modified equations have been 
evolved which allow for a saturation limit The fact, however, that a 
combination obeys such a law and not a simple mass action law cannot 
be regarded as evidence on the nature of the combmation but only 
on its complexity Also the formation of compounds of varymg 
composition cannot be regarded as evidence that we are deaUng 
with adsorption, for similar vanation may be found m primary 
valency compounds if one of the molecules has numerous combining 
sites , as, for example, m the formation of mtro-compounds of 
benzene and cellulose 

C. Structure of Proteins 
1 Fibrous Proteins 

By means of X-ray analysis^ it is possible (1) to detect the existence 
of crystaUme matter even in substances which are apparently amor- 
phous , (2) to determine which way the crystals lie m the body under 
examination , (3) to calculate the distances at which the pattern, on 
which the architecture of each crystal is based, repeats itself m the 
vanous directions of the structure — the periods of the crystal m these 
directions ; and, given sufficiently perfect photographs, (4) we can find 
out the actual positions of the atoms and molecules, and deduce there- 
from their size and shape The apphcation of X-ray analysis to cellu- 
lose fibres has given results which agree with, and considerably 

' A clear description of the application of X-ray analysis to the study of 
fibres 13 given by Astbury (1933, c). 
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amplify, the knowledge of their structure obtained by strictly 
chemical means. The X-ray photographs of fibrous protems are less 
satisfactory, but it has been possible to obtam mformation about their 
structure from which mferences can be drawn as to the structure of 
non-fibrous protems 

It IS generally accepted that protems are built up of peptide chains. 
These can be represented as m Fig VIIa ; Rj R^ Rg represent the 
tails of amino-acids, the group 

H 

I 

— C— COOH 

I 

NH* 

bemg the head. Such a chain need not necessarily be straight, since 
rotation can occui at each bond 

The results of X-ray analysis of the simple protein silk fibroin 
indicate that it is mainly composed of straight peptide chains lymg 
parallel In particular, from the dimensions of atoms given in Table I, 
the distance between consecutive " R ”s of a peptide chain should be 
3 5 A and the distance “ ab ” between " R ”s on the same side of 
the chain 7 0 A Actually the X-ray photograph shows evidence of a 
penodic repetition of structure at the latter distance In feather 
keratin the longitudinal distance between two adjacent tails such as 
Rj and R, is reduced, by sbght folding of the chain, to 3 1 A But 
the chain can be stretched without rupture until the distance is 
3 3 A ; that is, until the chain is almost quite straight (Astbury and 
Marwick, 1932) 



Fig VIIA Straight peptide chain The dotted bonds are behind, the 
heavy bonds m front, and the light bonds in the plane of the paper 

The longitudinal period of unstretched wool keratin found by X-ray 
analysis is 5 1 A , this does not correspond with any period m the 
straight chain Wool, however, will stretch to double its length with- 
out tearing , and with stretched wool the period 3 44 A is found, 
which agrees almost exactly with that of the straight chain Astbury 
and Woods (1930) consider that in unstretched wool the chains are 
coiled up into hexagons, as shown in Fig VIIb, and held m this 
position by a bond formed between the C and N, with the exchange 
of an H atom m (Astbury, 1936) 

Other proteins give less satisfactory X-ray diagrams There is 
evidence of a period of about 8 4 A in stretched gelatin. Astbury 
(1933, a) suggests that this is the length of three ammo-acid residues 
(possibly glycme, prolme, and oxyprohne) m a chain so twisted that 
each “ R '' hes m the same plane as the third before it. 
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Fig VIIb Peptide chains of keratin in contracted state. 


Muscle-fibres^ in the relaxed state show a penod equal to that of 
unstretched wool, but the fibres cannot be stretched without tearing 
It IS inferred that the chains of muscle-fibres are coded like those of 
wool, but that the hexagons so formed cannot be pulled out because 
they are fixed by some chemical combination In contracted muscle 
and unstretched gelatin X-ray evidence of a regular structure dis- 
appears 

Now, unless some fundamental structures other than the peptide 
chains occur in proteins, the only differences between them must he 
in the " R "s The attraction between adjacent " R ”s increases with 
mcreasing length of the “ R "s and with the presence in them of polar 
groups This attraction tends to bring " K "s in close proxmuty and 
parallel, with a consequent crumpling of the peptide chams At the 
same time long “ R "s make a close parallel arrangement of the pep- 
tide chains impossible The straightness and close fit of the chains 
wdl therefore depend on the nature and order of the " R ”s The 
ammo-acids of sdk are mainly glycine (40 per cent ) and alamne- 
(25 per cent ) The "R"s of these two acids are — IT and — CHg , 
there wiU be little attraction between these, and therefore no tendency 
to shorten But m proteins with longer and polar " R "s there will 
be a considerable attraction between them which wiU tend to distort 
the chain m order to bring them in contact In the suggested struc- 
ture of unstretched keratin adjacent " R "s he parallel and m contact, 

In these fibrous proteins the X-ray patterns are not so clear as those 
of cellulose In part this is due to the fact that the constitution of the 
protems is not so simple as suggested Sdk fibroin also contains 1 1 
per cent of tyrosine gelatin, 7 per cent of leucine, 6 per cent of 
glutamic acid, and 14 per cent of diammo acids , and keratin a full 
complement of amino acids Astbury (1933, b) suggests that the 
pattern of feather keratm repeats at a hundred ammo-acid residues 
Also It IS probable that the constituent chams do not all he parallel. 


^ Similar X*ray diagrams can be obtained with threads of myosin (Boehm 
and Weber, 1932). 
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The peptide chains of these fibrous proteins are considered to be 
held together by polar attraction between =CO and =NH groups of 
adjacent chains , by salt formation (or possibly peptide hnks) between 
— COOH and — NHj groups of dibasic and diamino acids in adjacent 
chains , by cystine molecules the halves of which he in adjacent 
chams ; also possibly by peptide chains lying across the general 
direction They are bound together m parallel chains, some hundreds 
of chains to the bundle 

2 Non-fihrous Proteins 

(a) Molecular Weights 

In the protems considered we see a progressive change from the 
straight chains of sdk, through the distorted chams of unstretched 
keratm, to the patternless unstretched gelatin and contracted muscle- 
fibre It IS probable that differences in the nature and sequence of 
the " R ”s of these protems determine a varying degree of twisting 
and crumpling of peptide chams We may infer that other proteins 
are also composed of peptide chams linked m the same ways, but that 
a parallel arrangement of these chams is not possible, owing to the 
crumplmg of the chams determined, to some extent, by the nature 
and sequence of the component ammo-acids 

An important question then anses, whether or no the peptide chains 
of such a protein are grouped together in particles of constant size , 
that IS, whether such a protem is to be regarded as having a definite 
molecular weight or merely as an aggregate of chams, the dimensions 
of which may vary with external conditions Osmotic pressure 
measurements can only give values for the average size of particles 
m a solution , such measurements have, however, shown that the 
average particle weights of various proteins varied httle with con- 
ditions This was particularly demonstrated in the case of egg albumin 
by the classical work of Sdrensen (1917), which was expanded by 
Marrack and Hewitt (1929) 

The ultracentrifuge method mtroduced by Svedberg (see Svedberg, 
1930, a) has made it possible to measure the actual sizes of large 
particles in solution The essence of this method is to subject the 
solution to an intense centrifugal field, and to measure either the 
rate of sedimentation (givmg the sedimentation constant, S) or the 
distnbution of the particles in height after equihbnum is reached 
In relatively dilute solutions, m which mterfermg factors are not 
too great the particle weight can be calculated from the sedimenta- 
tion and diffusion constants, or from the equilibrium distribution 

A substance in solution is said to be monodisperse when its 
particles are of uniform size, and polydispierse when they are of various 
sizes This method has shown that many natural protems, in solution, 
are of uniform size , these proteins may therefore be said to have 
definite molecular weights 

The molecular weights (Table III) found by this method agree well 
with the average particle weights calculated by osmotic pressures 
and rates of diffusion (Lamm and Poison, 1936) 
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Table III 


Sedimentation Constants and particle weights of proteins 


Pvoinn 

Sedi- 
mentation 
constant 
at 20" C 

X 10" 
(1.2) 

Particle 
Weight 
from Sedn 
const and 
Dtff» 

const 

(1.2) 

Particle 
Weight 
from Sedn 
Equili- 
brium 
(1.2) 

Dissym- 

metry 

Constant 

(1) 

Approxi- 

mate 

Radius of 
Particle 

Lactalbumin 

1 9 

17,500 

— 

— 

— 

Lacto^lobulin 

3 12 

41,800 

37,900 

1 1 



Pepsin 

3 3 

35,500 

39,200 

1 1 

— 

Insulin 

3 47 

40,900 

35,100 

1 0 



Bence-Jones \a 

3 55 

— 

35,000 

1 1 

21 8 

Protem j 0 

2 85 

37.700 

— 

— 

— 

Epj Albumin 

3 55 

43.800 

40,500 

1 1 

21 7 

Carboxyhaemoglobin , 






Horse 

4 5 

69,000 

68.000 

1 2 

— 

!• ii Man 

4 5 

63.000 

— 

1 2 

— 

Serum Albumin , Horse 

4 5 

70,200 

6fi.900 

1 2 

— 

Serum Globulin Horse 

7 1 

167,000 

150,000 

1 3 

— 

Edestin 

12 8 

309,000 

- 

1 2 

39 6 

Excelsin 

13 3 

294 000 


1 1 

39 6 

Thyreoglobulin 

19 2 

628,000 

650,000 

1 s 


Haemocyanin Busycon 
Main constituent 

99 7 

6,680,000 


1 2 


Aggregation constituent 

130 4 

9.660,000 


1 3 


(1) Svedberg and Enksson-Questel (1935—1936 

) (2) Svedberg (1937) 


A stnking feature that has also been brought out is that the 
proteins can be arranged in groups with particle weights approxi- 
mately equal to whole number multiples of the lowest particle weight 
17,500 This suggests that the protem molecule is built up by the 
aggregation of definite fundamental structural forrjis which differ 
shghtly m weight owing to differences m the amino-acids of which 
they are formed 

The proteins show a varying tendency to break up or aggregate 
without being subjected to drastic treatment Some change usually 
occurs at pH levels outside a range of stability about pH 4 to 9 
These dissociation products may reunite to form a particle of 
the original size when the reaction is brought back within the 
stability range. In some instances the dissociation products are 
simple fractions of the ongmal particle (Svedberg, 1937). 

The behaviour of serum protems is of special interest in immu- 
nology. McFarlane's (1935) investigations with the ultra- 
centrifuge have brought out certain remarkable pomts m 
connexion with the molecular weights of these proteins For 
example, horse serum contains about equal amounts of albumin and 
globulin as estimated by precipitation by half saturation with 
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ammoniuin sulphate Albumin so prepared has a molecular weight, 
m solution, of 70,000 In solutions of globuhn, so prepared, the 
greater part of the particles are uniform and have a weight of 
about 150,000. But in undiluted serum only about ^ of the 
protem (G fraction) is in the form of particles equal to those forming 
the bulk of the separated globulm About J of the particles (A 
fraction) are of the size of the particles of separated albumm The 
remammg | are of intermediate size (X fraction) 

When separated albumin and globulin are mixed in the proportions 
and concentrations found m serum, the ratio of the A and G fractions 
is the same as that found in serum When horse serum is diluted 
with 1 per cent, sodium chlonde solution the ratio of the G fraction 
to the total protem mcreases, reaching the hmitmg value 36 per cent 
with a J dilution This reversible formation of molecules of G size 
takes place to a less degree m cow and human sera (Table IV) 


Table IV 


Percentage of serum protein found in the G fraction and in the globulin 
fraction as estimated by half saturation with ammonium sulphate 
(McFarlane, 1935) 


Horse serum, undiluted 

,, ,, , diluted J with 1 per cent NaCl 

Cow serum, undiluted 
,, ,, , diluted ^ 

^lan serum O 1) B , diluted | 

.. „ JSP, „ i 
.. i 


Globulin by 

C fraction half saluralion 
20 49 

36 — 

17 41 

28 — 

6 1 33 

7 5 — 

15 — 


It appears, therefore, that the particles of serum globulin break 
up in the presence of serum albumin, the extent of this process 
dependmg on the albumin concentration This remarkable behaviour 
does not, however, seem to be peculiar to serum globuhn Pedersen 
(1936) found that other proteins (serum albumm and haemoglobin) 
also break up to a considerable degree in the presence of proteins 
of smaller particle size or of protamines 

It has always been an open question whether eu- and pseudo- 
globulin could be considered as separate entities present as such m 
serum When globulm is fractionated with ammonium sulphate 
the euglobulm formed is polydisperse, with an average particle size 
considerably above that of unfractionated globulin There is no 
evidence of such a fraction of high particle size in untreated serum 
or m unfractionated globulm But it does not follow that the 
particles of the G fraction of serum and of unfractionated globulin 
do not differ in chemical composition, molecular structure and in 
ease of aggregation or dissociation 

No great difference m the composition of eu- and pseudo-globulin 
is shown by the nitrogen partition (Table XIII) , but the different 
fractions of globulm are not chemically identical. In particular, 
Hewitt (1934) found that the proportion of carbohydrate was higher 
m fractions precipitated with higher concentrations of sodium 



PHYSICO-CHEMICAL CONSIDERATIONS 27 

sulphate ; this is the reverse of what could be explained by a "pro- 
gressively greater contamination with albumm The differences in 
optical rotation found by Hewitt (1927, a) may be due to mter- or 
mtra-molecular rearrangements (comparable to denaturation), and 
not be dependent on differences of structure or compiosition m the 
molecules of the globuhn of the origmal serum 

On the basis of solubility measurements Sorensen (1925) concluded 
that the fractions eu- and pseudo-globulm (E and P) form dis- 
sociable compounds, En,P„, of varying composition and solubility, 
and that it is impossible to separate them completely This theory 
does not appear compatible with the particle sizes found in serum 
Sorensen’s observations would also fit the hypothesis that thefractions 
are formed from the natural serum globuhn by a reversible ehange 

Another question of great importance which is solved by ultra- 
centrifuge methods is that of the shape of protem molecules As seen 
m Table III some (e g egg albumm) aie sphencal, while none deviates 
greatly from a sphencal shape The dimensions found show that 
the constituent atoms are closely packed The polar parts of the 
molecule are, presumably, on the surface and the non-polar tails 
of ammo-acids in the interior 

It IS difficult to see how a single peptide chain could be packed 
into such a compact particle, particularly as the particle is able to 
spread out to form a thin layer If a senes of chains are packed 
together, why should the naturally occurring sizes be so definite? 
Recently Wnnch (1937, a) has suggested that a senes of ammo-acids 
may be bent mto a senes of hexagons which are closed m the same 
way as the hexagonal ring m contracted keratin (the whole forming 
a closed system) The simplest of such structures is formed by two 
amino-acids , a regular structure containing 6 amino-acid residues is 
illustrated in Fig VIIIA Progressively larger molecules with a 
threefold symmeti'y can be built up by forming the structure 
illustrated in Fig VIIIB lliese symmetrical molecules can also 
polymerize, e g three 6 cyclol molecules can join up by CO and NH 
groups (Fig VIIIA) 

These structures, which Wnnch calls cyclol molecules, are laminar , 
on one surface (the front) hydroxyls and the side chams of the ammo- 
acids emerge , on the other side (the back) hydroxyls only Compact 
bodies can be formed from such laminae, either by curling up one 
lamina or by pding laminae one on the other Such piled laminae 
would be ]omed front to front by the — S = S — bridge of cystme 
molecules, which have their — CINH^) COOH parts m both laminae, 
or back to back, by hydroxyl links between OH groups One type 
of curled up closed lamina can be formed by a senes of cyclols, 

containing 72,288,648, 72n* ammo-acids (Wnnch, 1937, b) , 

this may be the basis of the limited groups of molecular weights 
actually found 

This theory appears compatible with the facts known about the 
behaviour of protems and affords a concrete picture of their structure 
on which to base our ideas. 
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Fig VIIIB from Wrmch (1937) 
Reproduced by kmd permission of the Royal Society. 
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The study of fibrous proteins suggests that proteins may be built 
of groups of amino-acids, periodically repeated For example, in 
the egg albumm molecule a group contammg one lysine, argmine, 
methionine and 3 glutamic acid residues may be repeated 12 times 
However numerical considerations show that such repeated groups 
cannot be identical Egg albumin, for example, contains only 
4 cystine (or cysteme) residues m the molecule and can therefore 
be broken into only four wholly similar parts On the other hand, 
Bergmann and Niemann (1937) suggest that each amino-acid recurs 
at regular intervals along a peptide chain If this is so, " nodes " 
must occur at which groups of amino-acids recur together Thus m 
egg albumin, the group methionine, lysine, arginme and glutamic 
acid wiU recur at intervals equal to of the total chain length 
But because other ammo-acids recur at intervals of different lengths, 
(e g aspartic acid, -fg of the chain length) such nodes would not recur 
in exactly the same environment of other amino-acids In the pro- 
posed cyclol molecule of Wrinch, which provides a two-dimensional 
arrangement, those amino-acids that occur m the molecule more 
frequently may be supposed to be grouped around those that occur 
less frequently But in this plan also the environments of the differ- 
ent groups of these more frequent amino-acids would not be uniform 

The molecular weights given m Table HI are those for proteins 
prepared with the mmunum of manipulation We cannot regard the 
molecular weights of proteins as fixed and unchanging m the same 
way as those of alcohol or cane sugar , proteins may be made poly- 
disperse with little apparent change m their properties Neverthe- 
less natural proteins appear to occur in particles of definite and 
constant size The particle weights in solution of the azo-proteins 
described in Chapter III may not be uniform and may differ greatly 
from those of the proteins from which they are prepared Neverthe- 
less there is no reason why their general structural plan should be 
altered essentially We may therefore think of the proteins with 
which we shall have to deal as compact particles, which present a 
vaned surface containing such polar groups as 

/NH- 

-COOH or COO-, -NHj or -NH3+, HN=C<^ of arginine. 


"NH, 


\/ I 

NH of prolme, HN 


I 

N of histidine. 


CH 


— OH of tyrosine, besides the = CO and = NH of the peptide chain, 
and any polar groups that may be attached artificially It is possible 
that prolme and ox5q5rolme may be of peculiar importance Since 
the nitrogen atom of these amino-acids forms part of a hexagonal 
ring, a kink must occur wherever a prohne or oxyprohne residue 
enters into a peptide chain The shape of the molecules can probably 
be appreciably altered, by stretchmg coils or pulhng apart polar 
links, without serious change of their surface structure. 
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(b) Surface Films 

Lee and Wu (1932) and Hughes and Rideal (1932) have obtamed 
films of egg albumin, serum albumin and globulin, glutenin and 
gliadin on water In their work precautions were taken to ensure that 
the protein remamed on the surface, which had not been done m the 
previous work of Gorter and Grendel (1926) The weight of protein 
(0 ' 36 X 10"’ g ) per sq. cm. in the thinnest films formed indicated that 
the peptide chams and the “ R ’’ tads lay m the water surface. 
When such films were compressed the area occupied was reduced 
to one correspondmg with an arrangement with the peptide chains 
in the water surface, but the " R ”s forced off the surface, like the 
hydrocarbon tails of fatty acid molecules m a compressed film , 
the thickness of such films is about 12 A Wnnch (1937) finds that 
the weight per area of these more compact films is compatible with 
the " cyclol ” structure The spreading out of the approximately 
spherical protem molecules into a flat sheet under the influence of 
the polar forces of the water surface suggests that the constituent 
peptide chains of protein molecules are connected m the compact 
form mainly by polar bonds It recalls the distortion of pentaery- 
thritol tetrapalmitate molecules on a water surface (p 17) 

Egg albumm is denatured and becomes insoluble when it forms 
surface films The molecules that have been spread out as descnbed 
do not revert to their ongmal form when they escape from the 
surface However, serum proteins are not denatured m this way 
(Wu and Lmg, 1927) This return from a flat to a globular form 
IS less surprising if the formation of a surface film involves only the 
flattenmg of a lamina or separation of laminae, than if it involves 
the rearrangement of the molecule mto a layer of parallel peptide 
chams 

(c) Solubility and Hydration 

The behaviour of proteins on the surface of water indicates that it 
IS the polar =CO and =NH groups of the peptide chains that are 
chiefly attracted by water Presumably the solubility of proteins abo 
depends mamly on these groups The acid and basic groups, which 
only amount to about one gramme equivalent of each per 1,000 g of 
protein, cannot be sufficient to keep the molecules in solution The 
polar groups of the peptide chains may be packed in the intenor of the 
molecule, as m the fibrous protems, or turned towards the surface 
Variations m the solubihties of proteins wiU depend on the accessi- 
bility of these groups to water, and the degree to which they neutra- 
lize each other when in proximity (as m ortho-phenol denvatives, 
P 20) 

The water molecules attracted by polar groups are not available 
for the solution of other molecules and mcrease the apparent volume 
of the hydrated molecules The proportion of polar to non-polar 
groups in protems is not high , it would therefore not be expected that 
they should be highly hydrated Adair and Robinson (1930) conclude 
from their osmotic pressure measurements that the volume of 
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hydrated serum globulin is about 1 3 c c per g This would sesult 
from a layer of water about two molecules deep over the whole 
globulin molecule The neghgible effect of protems on the solubility 
of inert gases (Stoddart, 1926-7) also indicates that the degree of 
hydration of protems is not high 

(tf) Acid and Basic Properties 

Protem molecules contain groups which can function as acids and 
bases, that is, can lose or take on a hydrogen ion and thereby acquire 
a negative or positive charge The titration curve of egg albumm with 
the pH ranges over which, according to Simms (1928), the various 
groups change from the un-iomzed to the isolated state is shown m 
Fig IX A serum globulin molecule contains about one hundred 



Fig IX Titration curve of egg albumm, according to Simms (1928), 
showing pH range over which the degree of dissociation of various groups 
changes ‘ 

and forty of such acid and basic groups , they are chiefly the — COOH 
groups of di-carboxybc acids and — NHg groups of lysme (Fig IX). 
It is generally considered that the dissociation constants of these two 
groups are relatively high, so that at the isoelectnc pomt both are 
nearly completely ionized On the acid side the effect of increased 
hydrogen-ion concentration is to convert —COO— into —COOH , 
while on the alkahne side dimmished hydrogen-ion concentration 
(or increased hydroxyl-ion concentration) changes — NH 3 + to — NHj 

^ The dissociation of the — OH group of tyrosine changes over a range 
with centre at pH 10 2 and not as given by Simms 
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As ar result the protein molecule as a whole has a negative charge 
on the alkaline side and a positive charge on the acid side ; while at 
the isoelectric pomt it is neutral As almost all work on immunity 
is done on the alkaline side of the isoelectric points of the protems 
concerned, they may be regarded as negatively charged 

HOOC-X-NH.^-<— + “OOC-X-Nh/ + OH" — >.“00C-X-NH,+H,0 
On the acid Side Isaeleciric Protein On the alkaline side 

The highly polar —COO" and — NH,+ groups apparently largely 
neutralize each other at the isoelectric point , hence the minimum 
solubility of proteins at this point This neutralization is quite 
possible as the groups, if evenly distributed over the molecule, are 
only about 7 A apart 

(e) Denaturaiion 

Various treatments, such as with heat and alcohol, can reduce the 
solubility of proteins in water The change appears to be a molecular 
rearrangement , denaturation by heat runs the course of a mono- 
molecular process (Chick and Martin, 1910). The process of 
denaturation must be distmguished from the secondary process of 
coagulation, which does not take place in the absence of salt, except at 
the isoelectric pomt By methods of X-ray analysis Astbury and 
colleagues (1935) have found evidence that some protems, when 
denatured, are composed of extended peptide chains arranged in 
parallel bundles Such a change to a fibrous structure would account 
for the loss of solubility It might also account for the change in 
reactivity of — S— H and — S = S— groups studied by Mirsky and 
Anson (1934) The change of optical activity that occurs on 
denaturation (Pauli and Weiss, 1930), indicates that the backbones 
of the peptide chains are involved, since the asymmetric C atom 
IS m the peptide chain As the process is not readily reversible it 
IS probable that the new structure becomes fixed by chemical bonds 

It appears that there may be different degrees of denaturation , 
McFarlane (1935) considers that alcohol, even m the cold, causes an 
early stage of denaturation, and Astbury and colleagues (1935) 
found that a fibrous structure appeared m crystals of egg albumm 
and pepsin on drying , this they regarded as a stage of the same process 
as gives rise to complete denaturation It is possible that the change 
that takes place m serum on heatmg for J hour aj 55° C is also an early 
stage of protein denaturation The solubility of the globulin m serum 
so heated is reduced and the viscosity of the serum is mcreased 
(Holker, 1921 ; de Nouy, 1929), although the solutions remain clear 
However, McFarlane (1935) found that heating for 2J hours at 56° C 
produced little change in the sedimentation constants of the serum 
protems 

(/) Adsorption by Proteins 

Fibrous protems may adsorb molecules either on the surface of 
bundles of peptide chams, or between the chains The latter process, 
however, can only take place if the adsorbed molecules are small 



PHYSICO-CHEMICAL CONSIDERATIONS 33 

enough to penetrate between the chains , not larger than the lower 
fatty acids In the case of non-fibrous proteins the same two kinds 
of adsorption may occur, but smce only small molecules can penetrate 
between the peptide chains we shall be mainly concerned with 
adsorption on the surface 

This adsorption is not merely a matter of opposite charges If this 
were so there would be no selection between the adsorption of, for 
example, different positively charged molecules or particles by nega- 
tively charged proteins , nor between the adsorptive power of different 
negatively charged proteins for positively charged molecules , also 
such proteins should not absorb negatively charged substances 
Actually considerable differences are found m the degree to which 
similarly charged substances, dyes for example, are adsorbed by the 
same protein , and in the degree of adsorption of the same substance 
by different proteins Also negatively charged proteins can adsorb 
negative charged dye^ , for example, eosm is adsorbed by protein 
when the pH is well above 9 , this may be seen by the change of colour 
and loss of fluorescence 

Nevertheless, the repulsion between similarly charged particles 
1 educes the number of collisions and therefore reduces the degree of 
adsorption , hence the degree of adsorption vanes with the pH This 
IS well illustrated by the quantitative studies of GroUman (1925) on 

C=(C,H,OH), 

H 03 SCeH 3 <^ 

C=0 

the adsorption of phenolsulphonephthalem (Fig X) At pH levels 
above 8 , both — SO 3 H and —OH groups are dissociated and therefore 
both ends of the phenolsulphonephthalem molecule are negatively 
charged Little adsorption therefore takes place to proteins, as these 
are also negatively charged at this pH At lower pH levels (5-7), still 
above the isoelectric point of the protein, the —OH groups are in 
the undissociated form and this end of the molecule is available for 
adsorption on the protein, although both dye and pntein are stfll 
negatively charged The maximum adsorption occurs on the acid side 
of the isoelectric point, when the charge on the protein is positive 
Serum globulin adsorbs less than serum albumin at pH above 7, 
although its negative charge is less, showing that the electric charge is 
not the sole factor 

Salts may alter the degree of adsorption by affecting the charges on 
protein or adsorbate Ihus the adsorption of nucleic acid (negatn e 
charge) by proteins at pH 7 3 only occurs m the presence of salt 
(Przylecki and Grynberg, 1933) , here reduction of like charge favours 
adsorption On the other hand, the adsorption of rose bengal 
(negative charge) by proteins (positive charge) on the acid side of the 
isoelectric point is reduced by salts (Rosenthal, 19261 , here reduction 
of unlike charges reduces adsorption 

It IS difficult m many cases to distinguish between adsorption and 
formation of chemical compounds Hewitt (1927, b) considers that 

(44021) ’ C 
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compounds are formed between the basic groups of protems and 
phthalem dyes, similar to those formed between these dyes and heavy 
metals or simple nitrogenous bases 



pH 2 4 6 B 10 

Fig X Effect of pH on the adsorption of phenolsolphonephthalem by egg 
and serum albumin (Grollmann, 1925) 

(g) Adsorption of Proteins 

The work of Jones (1928, b) demonstrates that proteins are 
adsorbed on special patches of collodion particles He showed by 
immunological methods that collodion particles will firmly adsorb 
five different proteins, none interfering with the adsorption of the 
others It appears that each of these proteins must be adsorbed on 
patches of the particles at which the spatial arrangements of the 
polar groups are suited to the spacing of the polar groups on the 
protein It can be said that the patches adsorb the vanous proteins 
specifically, although the whole particles do not 

It IS not necessary that a solid particle should be involved m such 
a process , protems may be bound specificalty in the same way to 
suitably spaced groups on large molecules m solution In such a case 
either the protein or the other molecule may be considered the 
adsorbent The adsorption of protems may in some cases be dependent 
on differences in the sign on the charges of the protem and adsorbent 
In the case of the adsorption of egg albumin and gelatin by coUodion 
particles this is not so, as was shown by Hitchcock (1926) The 
adsorption is maximum at the isoelectric point (Fig XVII) and falls 
off on either side, although on the acid side the protein acquires a 
positive charge (opposite to that of collodion) and on the alkaline side 




PHYSICO-CHEMICAL CONSIDERATIONS 35 

a negative charge In this case addition of salt increases the adsorp- 
tion in acid solution, although the charges of adsorbent and protem 
are opposite The adsorption obeys Langmuir's adsorption isotherm' 
not the Freundhch equation 

{h) Lipins^ and Proteins 

The relation of lipins to proteins is of some importance in connexion 
with immunology Numerous workers (e g TheoreU, 1926, 1930) 
have found cholesterol and phosphatides in the protein fractions 
precipitated from serum This in itself is of no great significance as 
these lipins are themselves precipitated by the saltmg-out methods 
used for separating protem fractions Gardner and Gainsborough 
(1927) found that a considerable part of this cholesterol was left 
behind on the hlter papers in the process of further purification of the 
fractions, but that the euglobiihn retained a much larger amount than 
the other fractions (16 6 mg per g of protein) Chick (1914), 
finding more phosphatide m euglobuhn than m pseudoglobuhn, 
suggested that euglobuhn was formed from pseudoglobuhn by com- 
bining with lecithin There is no doubt that the lipins m serum are 
held in suspension by the proteins The question arises whether they 
form a part of the structure of serum proteins, particularly euglobuhn, 
or are merely adsorbed on the surface of proteins or protected by a 
protein layer Serum albumin crystallizes as readily from serum from 
which the lipins have been extracted by the method of Hardy and 
Gardiner as from untreated serum (Young, 1922) With regard to 
euglobuhn the reports differ '1 he proteins prepared from serum by 
the Hardy and Gardiner method dissolve in distilled water to form a 
clear solution (Young, 1922), and euglobuhn is not precipitated by 
ordinary dialysis (Jukes and Kay, 1932, working on chicken serum) 
However, a fraction of the globulin is precipitated from extracted 
serum by one-third saturation with ammonium suplhate, and Hewitt 
(1927, a) found this fraction to be insoluble m distilled water Reiner 
and Reiner (1932) found that fractions of globulin were precipitated 
from extracted sera by electrodialysis, and by dilution with distilled 
water at pH levels below 6 8 Went and Kuthy (1934) fractionated 
sera by Howe’s NajSOj method , they found that the " globulin " 
fraction formed a considerably larger proportion of the total protein 
of extracted sera than of the protein of non-extracted sera 
Horsfall and Goodner (1935) found that the peculiar globulin of 
anti-pneumococcal horse sera no longer exhibited its characteristic 
solubdity relations after lipins had been extracted , only a small 
precipitate formed when the serum was diluted ten-fold with dis- 
tilled water Attempts have been made (Went and Farago, 1930) 
to show that the addition of lecithin to serum increases the amouni 
of the protein precipitated as euglobulm, but the results have been 


^ The word, lipin, is here used to include substances extracted by alcohol 
and ether — sterols for example — besides those which yield fatty acids on 
hydrolysis. 
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neither striking nor consistent Went and Kuthy (1934) found that 
the changes produced by extraction were not reversed by the addition 
of suspensions of lecithin and cholesterol 

The ultracentnfuge method has shown (McFarlane, 1935) that a 
very striking change occurs in serum on extraction by the Hardy- 
Gardner method , a considerable amount of the protem becomes 
polydisperse It is, at present, not possible to decide whether this 
IS due to the actual removal of lipms, or to the action of alcohol used 
m the process, quite apart from the lipin extraction 

It may be supposed that the polar part of a hpm is attracted to the 
polar parts of proteins (mainly m the peptide chain backbones) 
while the non-polar parts are attracted by the non-polar tads of the 
ammo-acids Three possibdities may be considered (1) the hpm 
may be absorbed on the surface of a globular protein molecule, with 
Its non-polar part towards the water and polar part towards the pro- 
tein molecule , m this case the solubdity of the protein is decreased 
(2) the protem may form a fdm on the surface of a clump of hpm 
molecules, formmg relatively large particles (3) the non-polar parts 
of the lipins may be attached to the ammo-acid tads of a globular 
protein, whde the polar part hes on the surface of the protein , m 
this case the hpm is budt into the structure of the protein. Lacunae 
occur in the cyclol structure of Wnnch through which the polar parts 
of hpins could reach the surface The solubdity of the protem would 
not necessardy be altered 

D Stability of Suspensions 
1 Hydrophobe and Hydrophil Suspensions 

The conditions affecting the stabdity of suspensions is discussed 
here in order to avoid interruption in later chapters 

If small particles^ are dispersed m water and do not aggregate, they 
wdl sink extremely slowly, and eventually, owing to their thermal 
agitation, distribute themselves like gas molecules m the earth’s 
atmosphere — the concentration decreasing with the height If, how- 
ever, such particles aggregate to form relatively large particles the 
rate of sinking is much increased^ and the final distribution approaches 
that of a compact layer at the bottom of the water The particles 
therefore settle only if they aggregate , they wdl aggregate if the rate 
of collision exceeds the rate of separation of particles that have 
collided 

The aggregation of particles is prevented by (1) polar groups on 
the surface of the particles which attract a layer of water molecules, 
which must be displaced before the particle can collide , (2) like 
electric charges on the particles sufficiently high to prevent all 
particles but those of the highest kmetic energy approaching The 
aggregation is assisted by (1) strong mutual attraction between the 

'■ By " particle " may be meant a single molecule or a group of molecules 
" A particle, of the specific gravity of protein, of radius or 20,000 A 
will smk about 1 cm in an hour 
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particles , (2) opposite electnc charges A suspension m which the 
mutual attraction of the particles exceeds their attraction for water 
(a hydrophobe suspension) depends for its stabdity on the electnc 
charge of the particles , the particles aggregate and precipitate if their 
charges are reduced Hydrophil suspensions, in which the attraction 
of the particles for water is greater than their mutual attractions, are 
independent of their electnc charge 

In actual practice, in dealing with the stability of suspensions, what 
IS employed is not the charge on the particles, but the '' surface poten- 
tial " or " electrokmetic potential ” This is a calculated value, based 
on certain assumptions, for the potential difference between the bulk 
of the water and some apparently immobile layer on the surface of the 
particle It is estimated from the rate of movement of the particle 
m a potential gradient The relation of this " surface potential ’’ to 
the stability of a suspension may be illustrated by the behaviour of a 
" lyophobe ” suspension of fine collodion particles (Fig XI, Loeb, 
1922-23, a) , similar effects are obtained with air bubbles or oil 
droplets These suspensions are stable when the surface potential is 
above about 16 mvt In distilled water the surface potential lies 



Fig XI Effect of salt concentration on the surface potential and suspension 
stability of collodion particles uncovered and covered with gelatin (Loeb, 
1922-3, a and b) Unbroken line agglutination 
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between 20 and 30 mvt On the addition of salts of mono- or di- 
valent kations the surface potential rises to a maximum at a concen- 
tration of about N/250 to N/1000 and then falls The higher the 
valency of kation the more rapid the fall The surface potential of the 
particles falls below the cntical level of 16 mvt , and the particles 
aggregate and settle in the presence of N/2 NaCl, N/16 CaClj, and 
N/682 LaClg 

Loeb (1923-4) found little difference between the “ critical levels ” 
necessary for the stability of suspensions of various panicles (col- 
lodion, mastic, graphite, gold) Nevertheless, the levels must depend 
in part on the relation between the attraction of the particles for 
water and their mutual attraction, and therefore vary with the nature 
of the surface of the particle Thus Eagle (1930, c) found the critical 
potential of the Wassermann antigen to be 2 to 5 mvt Particles of 
denatured egg albumin at pH 5 8 apparently have a greater attraction 
for water than have collodion particles, for a suspension remams 
stable until the surface potential has fallen to 8 mvt (Loeb, 1922-3, 
c) , but the concentrations of salt required to produce this fall of 
potential are lower (e g N/12a NaCl) At pH levels further removed 
from the isoelectric pomt, pH 3 or 11, higher salt concentrations are 
required in order to reduce the higher charge of the particles and 
sodium chlonde is ineffective in any concentration Eagle (1930, b) 
found heat-denatured serum globulin, presumably about pH 7, was 
aggregated and completely precipitated by N/50 NaCl and N/400 
BaClj 

Precipitation of hydrophobe suspensions, as a result of reduction 
of the charges of the particles, can also be produced by suspensions of 
opposite charge, as well as by salts 

Organic substances, dyes for example, which are adsorbed on the 
surfaces of particles may also affect the stability of their suspensions 
In the first place they may have effects similar to those of inorganic 
ions , owmg to their ready adsorption they may be, like polyvalent 
inorganic ions, effective in very dUute solutions Other substances 
which have non-polar and strongly polar parts form a layer on the 
surface of hydrophobe particles, with the non-polar part towards 
the particle and the polar part towards the water, and thereby give 
the suspension a hydrophil character , its stability becomes indepen- 
dent of the charges on the particles The familiar mstance of this is the 
“ protective ” action of various substances, proteins, gums, starch, 
&c , on gold sol 

Besides these obvious effects a hydrophil organic substance may 
have an opposite effect, even on hydrophil suspensions, which cannot 
be ascnbed to neutralization of electnc charges Thus tannm, which 
IS negatively charged, makes agar (also negatively charged) suscep- 
tible to precipitation by salts, and greatly mcreases the sensitivity of 
negatively charged alkali blue and benzazunn to salts (Brossa, 1M3) 
In these cases it is supposed that the more polar part of the tannm is 
attracted to the agar or dye. and that the less polar part is turned 
towards the water 
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2 Effect of Proteins on the Stability of Suspensions 
The usual action of proteins on the stability of suspensions is a 
combination of sensitization and protection , which effect predomi- 
nates, depends on the concentration of protein and on the pH This 
is well illustrated by the influence of gelatin on the stability of suspen- 
sions of colon bacilli (Table V) At pH levels between 3 and 3 5 the 
negative charge of the bacteria is reduced by low concentrations of 
positively charged gelatin and the stability of the suspension is 
reduced As the concentration of gelatin is increased the increasing 
amount adsorbed gives the bacteria an increasing positive charge and 

Table V 

The effect of gelatin concentration and pH on the stability of suspensions 
o/B coll in 0 025 M salt solutions (Eggerth and Bellows, 1921-2 ) 
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renders the suspension stable again At higher pH levels 4 to 4 5 the 
negative charge of the bacteria is higher and positive charge of the 
gelatin lower , larger amounts of gelatin are therefore necessary to 
render the suspension unstable In the highest concentrations the 
gelatin forms a complete layer on the surface of the bacteria , the 
stability of the suspensions is consequently independent of the surface 
potential — compare the protection of collodion particles by gelatin 
(Fig XI) — except at the isoelectric point (pH 4 7) At this point, as 
the number of polar groups of the gelatin free to attract water is low, 
the suspension is still unstable Similar results are obtained with other 
proteins and other suspensions — mastic, gum benzoin, collodion — but 
with these other suspensions higher concentrations of proteins are 
required to produce an effect The great dilution of the concentrations 
of gelatin and edestm that will affect the stability of suspensions of 
colon bacffli (Eggerth and Bellows, 1921-2) and the dilutions of 
normal serum that affect the surface potential of typhoid bacilli 
(Northrop and de Kruif, 1921-2, a. Fig 21) are remarkable The 
amounts of protein present, if completely adsorbed, may be sufficient 
to form a continuous layer of minimum thickness over the bodies of 
the bacteria, supposing these to be some 3 by 0 5fi , but hardly 
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enoagh to cover all the flagellar surface ^ It is therefore probably 
sufiicient that only localized patches of the bactena should be covered 
in order that the stability of the suspensions should be affected 
The peculiar action of tannin is also shown m the mutual precipita- 
tion of tannin and protein solutions Although the optimum pH for 
the precipitation of protein solutions by tannin is below the isoelectric 
point of the proteins, precipitation of serum proteins occurs at pH 
levels as high as 7 5, at which level the proteins are negatively 
charged 

Euglobulin has a sensitizing action on suspensions of both positive 
and negative particles (Brossa, 1923), comparable to the effect of 
tannin , it precipitates negatively charged gum benzoin suspensions 
even when the pH is as high as 8 1 (Wolf and Rideal, 1926), i e 
although the euglobulin is also negatively charged Globulin prepara- 
tions also counteract the protective action of serum albumin A 
similar antagonism between the effects of globulin and albumm can 
also be demonstrated with unfractionated sera, and is familiar m con- 
nexion with the aggregation of red blood corpuscles, which is the basis 
of the sedimentation test This appears to indicate the presence, 
preformed in unfractionated serum, of certam globulin molecules 
specially hable to aggregate and precipitate 
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CHAPTER II 

THE NATURE OF ANTIBODIES 

Controversy concerning the nature of antibodies^ centres round 
the question whether they are proteins or not This question is not 
only of great practical importance but is also essential to a theoretical 
discussion of the mechanism of immunity reactions The properties 
of antibodies will therefore be discussed mainly from the pomt of 
view of the information they may give on this point 

A Separation of Antibodies from other Serum Constituents 
Attempts to isolate antibodies have been mainly directed towards 
reducing the ratio of the antibody titre to the protein concentration 
(the "concentration factor") of the resulting products Owing to the 
clinical and theoretical value of such purification the matter has been 
investigated very thoroughly 

The methods used have been (1) non-specific methods — fractional 
precipitation of serum, and adsorption , and (2) specific methods 
depending on precipitation m combination with antigen and extrac- 
tion from the compound 

1 Non-specific Methods 
(a) Variation of Salt Concentration 
It IS generally agreed that antibodies are precipitated with the 
globulin fraction of serum, whatever method of precipitation is used 
The belief that the serum globulin consisted of two or more separable 
components led naturally to the supposition that antibody would be 
found in one such fraction and to attempts to separate out the active 
fraction by the usual methods — precipitation with high con- 
centrations of salt (especially ammonium sulphate), dialysis, 
electrodialysis, and dilution and acidification ^ Although in some 

^Ihc following definitions arc given by Topley and Wilson (1936) — 
An Antigen is any substance which, when introduced parenterally into 
the animal tissues, stimulates the production of an antibody, and which, 
when mixed with that antibody, reacts with it in some observable way 
An Antieodi is any substance which makes its appearance in the blood 
scrum or body fluids of an animal, in res})onse to the stimulus provided by 
the parenteral introduction of an antigen into the tissues, and reacts specifically 
with that antigen m some observable way 

* Reports on the distribution of antibodies are very conflicting This is 
partly due to the different methods employed for separating cu- and pseudo- 
globulin In reviews of the voluminous literature the results are usually 
quoted without mention of the method Small differences of technique, also, 
may affect the resulls considerably The amount of globulin precipitated 
from a serum on dialysis depends on the completeness with which salts are 
removed , the effect of the degree of salt removal on the amount of antibody 
precipitated is well illustrated by the experiments of Coulter (1927) on 
haemolysin On the other hand Hartley (1914, a) found that the antibody 
to rinderpest was precipitated when the serum was dialysed against tap 
water but not when it was dialysed against distilled water Selter (1927-8) 
found that antibodies to lipins were precipitated on dilution and acidification 
at 0® C , but not at 37® C 
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cases a sufficiently high proportion of antibody may be contamei^m a 
particular globulm fraction to make its separation worth while for 
clinical or other puiposes, antibodies have not as a rule been found to 
be confined to any particular fraction Smce it is uncertain that the 
fractions are not artefacts this is not surprising 

The distnbution of antibodies m the fractions separated by ammo- 
nium sulphate has been most thoroughly studied in the case of diph- 
thena antitoxin, but the conclusions apfiear applicable to antibodies 
m general The antitoxin is not confined to any one fraction (Banzhaf 
and Gibson, 1907 , Barr and Glenny, 1931 , Barr, Glenny and Pope, 


U> Ul- 

I- i-iii 



(NHjjSO. G PER LITRE 

Fig XII Distribution of diphthena antitoxin in fractions precipitated with 
ammonium sulphate Ongmal serum 625 units per c c (Barr and Glenny, 
1931 ) (a) No of antitoxic umts precipitated m each fraction (b) No of 

umts per gramme of protein in each fraction 


1931 , and Barr, 1932) (see Fig XII) Great variation m the distribu- 
tion among the different fractions is found m the sera of different 
species (Barr, 1932), and even m the sera of the same animal examined 
by the same method at different tunes (Gibson and Collms, 1907 , 
Ledingham, 1907) Barr, Glenny, and Pope (1931) found that added 
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eugtobulin and albumin, denved from sera containing no antitoxin, 
shifted the maximum precipitation of antitoxm respectively towards 
the lower and higher ammonium sulphate concentrations These 
results agree with S0rensen‘s (1925) views on the fractionation of 
serum globuhn 

Removal of the water-insoluble euglobulm by dialysis gives better 
results m the case of diphthena antitoxm of horse serum , only a small 
proportion is lost with the euglobulm ^ However, Barr (1932) found 
a large amount of antitoxm m the water-insoluble euglobulm of 
the sera of other species (e g cow) , and even m horse serum the con- 
finement to the pseudoglobulm fraction is pecuhar to diphtheria 
antitoxm Addition of normal euglobuhn mcreased the amount of 
diphtheria antitoxm precipitated m the water-insoluble euglobulm 
fraction of horse serum According to Jukes, Fraser and Orr (1934) 
antitoxm is found associated with the hvetm fraction of the eggs of 
fowls immunised with diphtheria toxm Livetin is chemically and 
immunologically similar to fowl serum globulin (Jukes and Kay, 
1932) 

(i) Precipitation with alcohol 

Antibodies may be precipitated, together with protein, by alcohol, 
and are not damaged if precautions are taken to ensure that the 
proteins are not denatured m the process This may be done either 
by working m the cold (Mellanby, 1908) or by bringing the alcohol 
concentration promptly up to over 90 per cent (Mernll and Fleisher, 
1932) Mellanby found that the precipitation of diphtheria antitoxin 
ran parallel with that of protein Moloney and Taylor (1928), using 
various alcohol concentrations at different pH levels, were unable to 
obtain a “ concentration factor ” more than, approximately, 30 per 
cent above that of untreated plasma 

It IS rarely possible to obtam a fraction, by any of these means, 
which both contams a large proportion of the antibody and has a con- 
centration factor more than two or three times that of the untreated 
serum In some cases a fraction may be obtained which contams a 
small proportion of the antibody m a state of considerably greater 
punty , always, however, it contams abundant protein 

However, the antibodies in certain horse^ sera occupy a pecuhar 
position, m that a large proportion of the antibody can constantly 
be separated, highly purified, in a fraction of the serum globuhn, 
Although precipitation with ammonium and sodium sulphate 
(Avery, 1915 , Felton, 1928) has proved no more satisfactory than with 
other antibodies, they have been very efficiently purified by methods 


1 Omstein (1928) found that euglobulm separated by electrodialysis con- 
tained 36 per cent of the total antitoxin Precautions were taken against 
denaturation in the process, but some may have occurred Denaturation of 
the globulin during the electrodialysis is the explanation of the complete 
precipitation of the antitoxin by electrodialysis found by Adolf (1924), as 
m this case all the globulin was precipitated 

> Not, however, those of rabbit sera (Heidelberger and Kendall, 1933) 



NATURE OF ANTIBODIES 


45 


based on precipitation m low salt concentration and with alcohol. 
The first method (Felton, 1926) depends on the fact that the globulin 
which contams the antibodies is not precipitated at moderate salt 
concentration (N/40) at the usual optimum pH about 5 2, and is 
precipitated at lower salt concentrations (N/200) the optimum pH 
tiemg about 6 7 In the alcohol method (Felton, 1931) the antibody 
IS precipitated m the cold with low concentrations of alcohol (10 per 
cent ) , the precipitate can be redissolved and further purified by 
precipitating inactive proteins at pH 5 in N/40 salt solutions By 
these means some 90 per cent of the inactive proteins can be removed 
Even purer preparations can be obtamed by precipitation with AlClg 
or ZnClj (Felton, 1932) More recently Murdick and Cohen (1935), 
using similar methods, have removed 60 to 90 per cent of the 
inert proteins from horse anti-meningococcal sera with little loss 
of antibody 

(c) Adsorption 

The successful purification of enzymes by adsorption in the hands 
of Willstatter and his school suggests that antibodies might be purified 
by the same means Eisler and Spiegel- Adolf (1929) studied the 
adsorption of antibodies by aluminium hydroxide and elution with 
N /lOO NaOH They found that with typhoid agglutinin a concentra- 
tion factor SIX times that of the untreated could be reached Subse- 
quent studies of the adsorption and elution of serum proteins 
(Spiegel-Adolf, 1932), showed that albumin was adsorbed more easily 
than pseudoglobulm while euglobulin was not eluted The purifi- 
cation had been due m part to this, although the agglutmm is usually 
mainly found in the euglobulm fraction With other antibodies 
punfication by this method was not successful 

Olitzki and Frankel (1931) described the adsorption of various 
antibodies with kaolin, followed by elution with glycine m sodium 
chloride solution An eluate was obtained which would agglutinate 
typhoid bacilli in a dilution of 1/1,000, but 1 c c of this would not 
produce anaphylactic shock in guinea-pigs sensitized with proteins of 
the same serum Presumably it contained less than 0 6 mg of 
protein mice Frankel (1932) described elnates prepared by this 
method from diphtheria antitoxin and typhoid agglutinin (flagellar) 
These eluates contained from 12 to 24 per cent of the antibody in the 
original sera, but did not give the Esbach and Spiegler tests for 
protein Dr C G Pope (private communication) and the reviewer 
(unpublished) failed to confirm these results , the concentration factor 
remamed unaltered Subsequently Olitzki (1932) described the 
purification of the somatic-agglutmin for B enteriditis Gartner by 
this method Only the weakest eluates failed to give a positive test 
with Esbach's reagent Silber and Demidowa (1932) failed to confirm 
these results Rosenheim (1935), after numerous attempts, concluded 
that there was no mdication that the flagellar and somatic typhoid 
agglutmins can be eluted specifically and free from protein after 
adsorption on kaohn or alummium hydroxide 
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(d)’ Cataphoresis 

Michaehs and Davidsohn (1912) found the isoelectric point of 
agglutinins determined by cataphoresis to he between pH 5 3 and 
6 0 , Szent-Gyorgi (1921) narrowed the limits to 5 4-5 7 These 
limits agree well with the various estimates for serum globulin 
(Rona and Michaehs, 1910) The antibodies therefore migrated with 
the serum globulin ^ Girard and Louranc (1934), studying untreated 
sera, found that agglutinin for B paratyphostis B and haemolysm 
for sheeps’ red blood corpuscles moved to the anode at pH 5 2 the 
greater part of the protein of the sera moved to the cathode At 
pH 6 3 the antibodies did not move to anode or cathode As Girard 
and Louranc did not try any intermediate pH it is not possible to 
fix the isoelectric points of these antibodies, but they appear to have 
been on the alkaline side of that of normal serum globulin As, 
however, globulin fractions, associated with antibody, which have, 
such alkaline isoelectric points have been separated from anti-sera, 
this IS no argument against the protein nature of antibodies 

2 Methods based on Specific Precipitation 

Since antibodies combine specifically with antigens and are removed 
from the serum if precipitation or flocculation occurs, it should be 
possible to recover a higlily purified antibody from the antigen- 
antibody compound Vanous attempts have been made to recover 
antibodies in this way, especially from combination with particulate 
antigens such as bacteria and red blood corpuscles , only the more 
recent of these will be discussed 

Locke, Main, and Hirsch (1926) recovered haemolysm from red 
cells sensitized by a particulaily avid serum, by first washing with 
ether and then extracting with dilute acid The eluate contained 
44 X 10-® mg protein per haemolytic unit They considered that the 
preparation still contained protein derived from the antigen Euler 
and Brunius (1930) eluted haemolysm with glycine from sensitized 
stromata The eluate contained 84 X 10-® mg of solid per haemo- 
lytic unit 

Ottenberg and Stenbuck (1923-4) extracted agglutinin from sensi- 
tized typhoid bacilli with dilute alkali, and precipitated it three times 
with dilute solutions of cupric chloride at about pH 6 m an attempt 
to remove bacterial constituents The titre of the final product was 
1/22 that of the original serum and contained 0 41 mg of nitrogen 
per 100 c c Protein could not be detected in it, although the same 
tests gave positive results with the original serum diluted to the same 
nitrogen content 

* Schrocder (1930) found that blood-group agglutinins A and B dissolved in 
buffer solutions were not separated from protein by cataphoresis , but when 
dissolved in Ringer’s solution the agglutmins went solely to the cathode, 
whereas the proteins moved towards both poles However, the technique 
of this experiment was highly unsatisfactory , a current of 30 milliamps 
was passed for 4 hours , it is probable that agglutimn at the anode was 
destroyed 
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Ottenberg and Stenbuck (1926) found that the isoelectric point of 
typhoid agglutinin extracted from sensitized typhoid bacilli by N /300 
NaOH, but not further purified, was about pH 4 5, which differs 
from the pomts found by Michaelis and Davidsohn (1912) and Szent- 
Gyorgi (1921) This experiment of Ottenberg and Stenbuck is open 
to two serious objections The extract was not further purified and 
contained according to their previous experiments (1923—4) bac- 
terial substance , it was therefore comparable to partially sensi- 
tized bacteria, whose isoelectric points will be discussed later Also 
citrate buffers were used m the cataphoresis experiments , Ito and 
Pauli (1929) have shown that such polyvalent anions shift the 
apparent isoelectric point of protein solutions to the acid side 
The extracts prepared by Uchida (1927) were so weak in antibody 
that it IS not surprising that no protein could be detected in them 
Ramon (1923, a), by heating toxm-antitoxm floccules in diluted 
acid, recovered antitoxin solutions containing 0 012 mg of protein per 
unit Locke and Mam (1926) obtained somewhat purer preparations 
As the figures of Hartley (1925, a, 1926) and Marrack and Smith (1930) 
show, this means that the antibody in the precipitates has been 
recovered together with all the protein As diphtheria toxin has been 
prepared (Locke and Mam, 1928) containing only 0 0006 mg N per 
Lf unit, the antigen can only form a fraction of the total precipitate ^ 
Recently Sumner and Kirk (1932) and Kirk and Sumner (1932) 
recovered antmrease from the urease-antiurease^ precipitate by 
rubbing up with acid, which makes the urease insoluble The 
antiurease, which dissolved on neutralizing, was a globulin insoluble 
m distilled water and was completely precipitated on the addition of 
fresh antigen This preparation may have contained some antigen, 
as the urease is also a globulin which is precipitated from solution in 
distilled water on acidification with COj (Sumner, 1926) 

Probably the most satisfactory preparations are those obtained 
from the specific polysacchandes of pneumococci, as these can be 
prepared free from protein and only tliose of Type I, and Group IV, 
Type IV contain nitrogen Felton and Bailey (1926, b) proved that 
antibodies prepared by the methods used by Huntoon et al (1921) 
and Gay and Chickering (1915) contained some aiuigcn Felton 
(1932) made use of the fact that the polysaccharides are precipitated 
by calcium and strontium hydroxide ^ He dissolved the precipitates 


^ Pappenheimer and Robinson (1937) calculate that pure diphtheria toxin 
contains approximately 0 00046 ing N per Lf , a figure that agrees closely 
with the purest preparations of Eaton (1936) According to this calculation 
the antigen forms about 22 per cent of the specific precipitate at the neutral 
point However, in this calculation Pappcnheimer and Robinson assume 
that no further protein is precipitated from the antitoxin solution on the 
addition of further amounts of antigen, after antibody ceases to be detectable 
in the supernatant fluid This is not the case with other antigen-antibody 
systems 

“ It IS not necessary here to enter into the controversy whether Sumner’s 
" crystalline urease ” protein actually is the enzyme The essential point 
IS that the antibody could be removed from a protein antigen 
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formed by antibody and the polysaccharide of Types I and II 
pneumococci with either of these hydroxides The active protem was 
precipitated on dialysis , redissolved, it contained 0 002 to 0 006 mg. 
of nitrogen to one protective unit, and was, therefore, of the same 
degree of purity with regard to protem as the best preparations 
obtained by Felton and Bailey (1926, b) m their repetition of Huntoon’s 
(1921) work and as the preparations obtained by precipitation of 
the serum with AlClg and ZnClj Eighty to ninety per cent of the 
protein in these preparations was precipitated on addition of the 
specific polysaccharide ^ The more recent work on these lines, there- 
fore, does not mdicate that antibodies can be separated from protems 

B The Stability of Antibodies 
1 Heai 

There is a close correspondence between the destruction of anti- 
bodies and the denaturation of protems by heat In many instances, 
though not invanably, the course is that of a mono-molecular reaction 
(Streng, 1909, Madsen and Streng, 1910), as found by Chick and Martin 
(1910) and Lewis (1926, a) in the heat denaturation of protems 
(Fig XIII) The “ Heats of Activation calculated from the effects 
of increase of temperature on the rates of the two processes, are of the 
same order This value is very high, some ten times as high, for 
example, as that of the hydrolysis of sugar , the agreement therefore 
IS of some value as evidence that the two processes, denaturation of 
protem and destruction of antibody, are the same ^ In the case of 
the agglutmms studies by Streng and Madsen and by Streng, it is 
possible that the apparent deviations from the course of a unimole- 
cular reaction may have been due to the fact that more than one 
antibody (flageUar and somatic agglutinin) was involved m the 
reaction Yet, similar deviations were found by Gerlough and 
White (1934) working with tetanus antitoxin, which presumably 
contams but one antibody However, recent work, such as that of 
Heidelberger and Kendall (1935, b, c, d), has shown that the antibody 
molecules in a serum are not strictly uniform Deviations from 
the behaviour calculated for uniform molecules is, therefore, not 
surprising, and may well be much more striking m some sera than 
in others 

Chick and Martm (1912) and Lewis (1926, b) found the rate of 
denaturation of proteins to be minimum at neutrality, that is, m the 

^ Similar preparations have been made by He*delbcrger, Kendall and 
Teorell (1936), by dissolving the specific precipitate in strong salt 
solutions , also by Chow and Wu (1937) 

® The Heat of Activation is the energy required to ]olt a molecule out of a 
state of false equilibrium It may be compared to the energy required to 
lift a weight on to the parapet of a bndge m order to drop it over , it has no 
relation to the total energy change, or the free energy of a reaction 

^ From the data given it is possible to calculate the rate of heat destruction 
at lower temperatures It would take some thousand years to destroy as 
much antibody at 40° C as is destroyed in one hour at 70° C This does 
not agree with the results of Glenny (1913), so that it may be inferred that 
some other process was involved at this temperature 
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neighbourhood of pH 7 0 In accordance with this Gerlough" and 
White (1934) found the rate of destruction of tetanus antitoxin 
at 60°C to be minimum at pH 6 8 and appreciably increased at 
pH 8 5 Streng (1909) found that heat destruction of agglutmms 
was much accelerated by the addition of alkali, even by an amount 
that would not raise the pH above about 9 0 Moloney and Taylor 
(1928) found increased destruction of diphthena antitoxin at 55 °C 
when the pH was reduced to 4 16 , even at room temjierature some 
antitoxin was destroyed at pH 3 4 in 16 hours 



Fig XIII Rate of destruction of agglutinin (Streng, 1909) and denatura- 
tion of haemoglobin (Chick and Martin, 1910) at different temperatures 
Ordinates = logarithms of remaining antibody or undenaturcd protein 


On the other hand, the heat denaturation of protems is delayed by 
high concentrations of salts (Jordan-Lloyd, 1926) or of glycerol and, 
particularly, cane sugar (Beilmsson, 1929) Streng (1909) found 
destruction of agglutinins delayed by concentrations of sodium 
chloride above 2N , and Sdber and Demidowa (1932) found agglu- 
tinins to be protected to a moderate degree by glycerol, and to a high 
degree by saturated cane sugar 

However, the agreement between heat denaturation of protems and 
antibody destruction is not complete Thus, the lability of antibodies 

(44021) D 
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IS very variable For example, Jones (1927, a) found that the flagellar 
agglutmin of the hog-cholera bacillus was not completely destroyed 
in 20 minutes even at 90° C , while the somatic agglutmm was 
completely destroyed at 75“C , and lost half its strength at 65°C in 
this tune (Fig XIV) Streng (1909) found considerable differences m 
lability between different antibodies m the same sera this rules out 
extraneous factors, such as differences of pH He also found consider- 
able differences between the agglutinins m the sera of different 
animals of the same species immunized with the same bacillus As, 
however, he did not distmguish between flagellar and somatic 
agglutinins, it is possible that, in these cases, he was dealing with 
agglutmms for two different antigens 



Fig XIV Degree of dtsfruction of flagellar and somatic agglutinin for 
hog cholera bacillus, and of haemolysm, by heatmg for 20 minutes at tem- 
peratures from 65° to 90° C (Jones, 1927, a) 

Also m some cases procedures which delay or prevent coagulation 
only of protein have some effect m reducing the rate of heat destruc- 
tion of antibodies , for example, dilution with physiological saline 
(Streng, 1909) , bnnging to high (Silber and Schaechter, 1927) or low 
pH (Koulikoft, Smirnoff, and Bobkova, 1928) , the addition of various 
substances such as urea and, particularly, a member of the poly- 
methylene senes, of high molecular weight, called fermentoid (Silber 
and Schaechter, 1^7 , Sdber and Nikolskaya, 1929) ^ It therefore 

* The fact that destruction of antibody does take place under these circum- 
stances, although no precipitation of protein occurs, disposes of the suggestion 
that antibody is merely earned down with the precipitated protein 
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appears that the destruction of some antibodies must be associkted 
with the earhest degrees of heat denaturation of proteins, while others 
can resist even complete denaturation and are only put out of action 
completely by the coagulation and precipitation of the protems 
Since coagulation is a polymolecular process this may account to 
some extent for deviation from the course of a monomolecular 
reaction sometimes found, particularly m the later stages, when 
coagulation is slow owmg to the greater amount being already 
coagulated ^ 

In most of the work on heat denaturation little or no precaution 
appears to have been taken to fix the pH of the antibody Different 
antibody solutions must vary m pH owing to differences of age and 
of methods of preparation , also a varying loss of CO^, with consequent 
increase of pH. must occur during heating Such variations of pH 
may account for some deviations of the reaction from a regular 
course — compare the effect of changes of pH on the denaturation of 
egg albumm (Chick and Martin, 1912) — but will not wholly account 
for the differences m the lability of different antibodies 

Chow, Lee and Wu (1937) mcubated purified antibody to Type II 
pneumococcus with HCl (pH ca 2 5) at 37“ As the protein became 
insoluble the antibody disappeared 

2 Alcohol 

The destruction of antibodies by alcohol runs parallel with the 
denaturation of protems Mellanby (1908) found that above 4°C , the 
critical temperature, diphtheria antitoxin was destroyed at the same 
rate as the protein was denatured Merrill and Fleisher (1932) found 
that, if the concentration of alcohol was brought rapidly to over 
90 per cent , protein was not denatured and agglutinin was not 
destroyed The denaturation of protein by alcohol is accelerated by 
acid or alkali (Wu, 1927) , Moloney and Taylor (1928) found that 
diphtheria antitoxin was more rapidly destroyed by small concentra- 
tions of alcohol when the pH was above 1 1 or below 4 

3 Organic Solvents 

Hartley (1925, b) extracted with ether antibodies which had been 
precipitated with alcohol m the cold He found that the power of 
combining with antigens was unaffected, although the power of 
flocculation might be reduced Further work on this line is discussed 
m Ch VI Merrill and Fleisher (1932) extracted agglutmms, 
precipitated by alcohol, with various organic solvents The titre of 
the agglutmm was not affected unless the solubility of the protein 
was reduced Glycerol dissolved the protein, which could then be 
reprecipitated with alcohol, the protein was not denatured by this 
process nor was the potency of the agglutmm reduced 


1 The rate of reaction of a polymolecular process diimmshes to greater 
degree with time than does that of a monomolecular process 

(•UI121) D 2 
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4 Substitution in the Serum Proteins 

According to Reiner (1930) and Bronfenbrenner, Hettler and Eagle 
(1931), the introduction of substituents into the proteins of horse 
antisera by the azo-link (see next chapter) has little effect on the 
antibody activity, despite the complete loss of species specificity of 
the serum protems Breinl and Haiirowitz (1932), however, found 
that the titre of the bacterial agglutinins was reduced by this 
treatment Further work by Eagle, Smith and Vickers (1936) 
showed that the antibodies lost all reactivity on sufficient coupling 
of the proteins of the serum with diazo compounds However, the 
susceptibility of different antibodies to this treatment varied 
widely Also the different antibody activities of a single serum 
(for example, flocculatmg and protecting power of diphtheria 
antitoxm) were affected to a very different degree by the same 
treatment (a point which will be considered further in Chapter V 
Unitarian Hypothesis) 

Breinl and Haurowitz (1932) also found that treatment with iodine 
or formaldehyde reduced the titre of agglutinins The effect of 
formaldehyde on antibodies has also been studied by Eisler and 
Lowenstem (1912), Baivy (1926), Braun (1933), Mudd and Joffe 
(1933) and Chow and Goebel (1935) All these workers agree in 
finding that the antibody was reduced by this treatment, although 
again different antibodies, and the different antibody activities 
of the same sera, were differently affected 

The compound formed by the action of formaldehyde on ammo 
groups IS stable only when the pH is above 7 Chow and Goebel 
(1935) found that the precipitin activity of Type I anti-pneumococcal 
serum, which had been treated with formaldehyde, could be partially 
restored by adjusting the pH to 4 0 and keeping in the cold for 
several days 

Chow and Goebel (1935) also acetylated the protems of anti- 
pneumococcal antibody preparations (Type I) by treatment with 
ketene gas By this method one of the hydrogen atoms of the 
— NHj groups IS substituted by an acetyl radical, and the proteins 
are not denatured The capacity of the preparations to form a 
precipitate with Type I polysaccharide was much reduced 

These investigations agree in showing that chemical changes in 
the serum proteins reduce the activity of antibodies in a serum 

5 Enzymes 

Antibodies are destroyed rapidly by pepsm, less rapidly by trypsin 
(Pick, 1902 , MeUanby, 1908) Similar results were obtamed by 
Schmidt and Tuljtschinskaya (1931-2) Huntoon et al (1921) cited 
as evidence of the non-protein nature of their purified pneumococcal 
antibody that it wls not destroyed by trypsin Felton and Kaufman 
(1927), however, found that Huntoon’s antibody. Types I and II anti- 
sera, and purified Types I, II, and III antibodies, were slowly destroyed 
by trypsin , as were also the antibodies highly purified by Al and Zn 
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precipitatiSn (Felton, 1932) The antibody was more rapidly destroyed 
by pepsm, and by trypsm if phosphate buffers were added to fix the pH 
at 8 Breml and Haurowitz (1930) have shown that, under the condi- 
tions employed by Huntoon, the digestion of globulin also is very 
slow A similar criticism would apply to the work of Frankel (1932) , 
here it is claimed that "a considerable increase of free ammo groups 
occurred ”, but no figures are given by which an estimate of the 
proportion of protein digested can be made When a purified 
precipitin, obtained from the precipitate fonned by Type I pneu- 
mococcal polysaccharide and antiserum, was incubated with trypsin 
at pH 8, the destruction of precipitin ran parallel to the increase 
of ammo nitrogen (Chow, Lee and Wu, 1937) 

An important contribution to this subject has been made recently 
by Rosenheim (1937) She found that the flagellar (H) and somatic 
(0) agglutinins in the serum of horses and rabbits, in the earlier 
stages of immunization with B typhosus, were destroyed by pepsin, 
trypsin, and activated papain However, after several immunizing 
injections the H agglutinins became resistant to destruction by 
pepsm and trypsin (but not by activated papain) The free ammo-N 
of solutions of globulin from such immune sera might be increased 
by 16 7 per cent of the total N in peptic digestion, and by 11 per 
cent in tryptic digestion without detectable loss of H agglutinin It 
does not follow, however, that all the globulin molecules were digested 
to this extent 1 he antibody molecules themselves may have been 
resistant to dissociation by enzymes, or the antibody functions may 
have survived this degree of dissociation It cannot be inferred, from 
the demonstration of this enzyme-resistant antibody, that antibody 
is not a protein , it is hardly likely that antibody would be a protein 
in the early stages of immunization and cease to be a protein m 
the later stages 

It IS significant that this resistance to the action of pepsin and 
trypsin is shown by a flagellar agglutinin, since agglutinins have also 
proved particularly resistant to other treatment as by formaldehyde 
and by diazo compounds, and the flagellar agglutinin is more resistant 
to heat than is the somatic agglutinin The suggestion that the 
antibody function may be resistant to a certain degree of digestion is 
supported by the work of Pappcnheimer and Robinson (1937) 
on diphtheria antitoxin prepared by digestion of serum with pepsm, 
under special conditions, according to the Parventjev process 
Quantitative investigations on the lines discussed m section C 2, 
indicate that the antibody molecules in these preparations are smaller 
than those m the normal sera It appears, therefore, that the part of 
the protein that carries the antibody function is more resistant to 
the action of enzymes than the rest of the molecule and than ordinary 
serum proteins Since antisera to heteroalbumoses, prepared by 
digestion with pepsin, will form precipitates with the parent protein 
(Landsteiner and van der Scheer, 1930-1931) some structural features 
of the protein must survive early stages of digestion The survivmg 
antibody function may be attached to this remaining structure 



54 


ANTIGENS AND ANTIBODIES 


6 Specific Sera 

Landsteiner and Prasek (1911) found that agglutinins reacted like 
proteins with precipitins , that is, if precipitins for the serum of a 
given ammal were added to such a serum contammg agglutmms the 
agglutmms were removed The antibody was not merely " earned 
down ’’ with the precipitate, for the formation of a precipitate by 
adding some foreign protein and its precipitin did not remove the 
agglutinin Similarly Eisler (1920) found that the antitoxin of anti- 
tetanus horse serum was removed by a precipitm to horse serum 
Moloney and Weld (1925) claimed that the titre of diphthena anti- 
toxm serum (horse) was unaltered by precipitation with anti-horse 
precipitm Smith and Marrack (1930, a), however, showed that the 
antitoxm was removed from the serum by precipitm , also that 
diphthena toxm was bound by the precipitate so formed, and not by 
the precipitate from normal horse serum and precipitm 

It IS probable that the failures to demonstrate removal of anti- 
bodies from sera by precipitins is due to the use of amounts of 
precipitm unsuitable for maximum precipitation 

C The Composition of the Antigen-Antibody Complex 

It appears that if certain unconfirmed claims are excluded, 
attempts to prepare antibodies free from proteins have failed, and 
effects of vanous manipulations on antibodies are very similar to 
those on proteins 

1 Qualitative 

Further evidence of the protein nature of antibodies is derived from 
the composition of the antigen-antibody complex With precipitm 
reactions it was first shown that the precipitate contained con- 
siderably more protein than the antigen could account for (Welsh and 
Chapman, 1906 , Dean and Webb, 1926) 'Ihis became even more 
conclusive when the precipitm reaction with the non-protein specific 
carbohydrates was studied, since the antigen contained no protein 
Felton and Bailey (1926, c) found 2 5 mg of pneumococcal poly- 
saccharide Type II precipitated 37 mg of protein, and that, like the 
purified antibody, the precipitate was least soluble at pH 6 6-7 
Marrack and Smith (1930 and 1931, a) have shown that the ultra- 
violet absorption and other properties of diphtheria toxin-antitoxm 
floccules and the precipitate ui a precipitm reaction were similar 
to those of serum globulin Analyses of the precipitate obtained 
with vanous antigens (see Section D ) mdicate that the antigen 
forms a mmor part of these precipitates and that the major part is a 
protein resembling serum globulm that must be denved from the 
antiserum 

It has been shown by numerous workers (see Eagle, 1930, b, 1935 and 
McCutcheoneffl/ , 1930,forsummaries)thatparticulateantigenssuchas 
bactena, red blood cells and lipoid particles, when fuUy sensitized, move 
m an electnc field as though they were coated with a layer of globulin 
(e g Shibley, 1926 , Fig XV) Various workers have shown that the 
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isoelectnc point of such antigens was shifted towards the neiglibour- 
hood of that of serum globuhn by soakmg in unmune serum, the 
degree to which the point was shifted dependmg on the degree of 
sensitization The position of the isoelectnc pomt was determmed 
both by cataphoresis and by the optimum flocculation with salts 
The results of cataphoresis generally agree, although some of the 
work IS rendered questionable by vanous technical errors, such as the 
emplo3unent of agar bridges, buffer solutions contammg polyvalent 
ions, or too strong salt solutions with risks of heating The isoelectnc 
points, so found, may be somewhat on the alkalme side of the 
isoelectnc pomts of normal serum globulin (e g Joffe, 1935). But, 



Fig XV Effect of pH on the surface potential of unsensitized colon 
bacilli, sensitized colon bacilli, and heat-denatured serum glgbulin (Shibley, 
1926) 


as noted later m this chapter, the isolated globuhns which are con- 
sidered to be the actual antibodies, may have similar abnormally 
alkalme isoelectnc pomts When the proteins of an agglufjnating 
serum are subjected to some treatment which alters the isoelectnc 
points of the proteins without wholly destroymg the antibody 
functions of the serum, the isoelectnc pomt of the bacteria sensitized 
by the serum is also shifted Thus Mudd and Joffe (1933) found that, 
when agglutmatmg sera for B pullorum and for B typhosus were 
treated with formaldehyde, the isoelectnc points of bacteria sensi- 
tized with these sera were shifted from pH 5 0 to pH 4 2 to 4 4 
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Similarly, treatment of agglutmating sera with diazo-benzene- 
sulphonic acid shifted the isoelectric points of sensitized bacteria to 
pH 3 35 (Eagle, Smith and Vickers, 1936) It may be inferred that 
these particulate antigens receive, on sensitization, a coat of substance 
that has an ionization curve and isoelectnc point similar to those of 
serum globulin and is affected in the same way by chemical treatment 
Normal sera and other solutions of proteins also form surface 
layers on particles , in fact, particles so coated may be used for the 
study of the behaviour of proteins in an electric field (e g Abramson, 
1932 , Howitt and Prideaux, 1932) But considerably highei 
concentrations of normal than of immune sera are required to 
produce the effect on particulate antigens (cf Fig XXI), and the 
surface layers formed by normal sera are more easily removed by 
washing 

Mudd and Mudd (1927) showed that whereas untreated acid-fast 
bacteria passed readily through a water-ml interface into the oil, 
sensitized bacteria remained m the water phase This showed that 
the surface layer of the bacteria was changed from one having greater 
attraction for oil than for water to one having a greater attraction for 
water than oil , a change which would be produced by covering the 
bpoidal surface of the bacteria by protein Here again the degree of 
surface changes varied with the degree of sensitization, and was much 
greater than that produced by soakmg in normal sera 

The protein attached to the antigens has been shown immunologi- 
caUy to be the same as the ordinary proteins of the antiserum Braun 
(1909) found that bacteria agglutinated with an agglutinating horse 
serum, when injected into guinea-pigs, sensitized them to a later 
injection of horse serum , and Altmann (1912) that rabbit red cor- 
puscles treated with sheep immune serum produced precipitating and 
complement-fixmg antibodies against sheep serum when injected into 
rabbits Similarly Smith and Marrack (1930, a) found that the 
floccules from diphtheria toxin and horse antitoxin, when re- 
suspended, were flocculated by antisera to horse globulin 

2 Quantitative 

All the evidence, therefore, shows that when antigens combine with 
antibodies they take up an appreciable amount of globulin from the 
antiserum This globulin may be the actual antibody, or may be 
adsorbed non-specifically by the antigen-antibody compound Quan- 
titative considerations favour the first suppo'Sition The purified 
preparations of pneumococcal antibodies consist mainly of protem 
Suppose the antibody is not protem, and is present in an amount as 
high as 10 per cent of the solids m such a solution as B III m the 
experiments of Heidelberger and Kendall (1929, c) , there will then be 
present in 5 c c of the antibody solution 3 5 mg of this antibody 
This on the addition of 0 6 mg of specific polysaccharide gives a 
precipitate of 15 88 mg On the adsorption theory 4 1 mg of 
specific precipitate adsorb non-specifically 118 mg of protem from 
10 c c of a 0 355 per cent solution of protem Comparing with this 
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the 170 mg of Al(OH )3 required to adsorb the protem from ICf c c 
of a 1 per cent solution of protein (Spiegel- Adolf, 1932) we see that it 
implies an extraordinary adsorptive power on the part of the anti- 
body-antigen compound. And this adsorption must be specific , for 
Heidelberger and Landstemer (1923), Marrack and Smith (1931, b), 
and Haurowitz and Breinl (19^) have shown that coloured proteins 
that can be recognized are not earned down in the precipitate when 
unrelated antigens are precipitated by their antisera 
Marrack and Smith (Marrack and Smith, 1930, 1931, a and b , 
Smith and Marrack, 1930, a) have studied the effect of the addition 
of large amounts of non-specific protein on the total amount of 
precipitate formed from a given mixture of antigen and antibody, 
and on its composition They found that the ratio of antigen to total 
protein in the precipitate depended only on the ratio in which antigen 
and antibody were mixed and was unaffected by the addition of non- 
specific protem, although m some cases the total amount of precipitate 
was increased (Table VI) The total antigen and antibody in a 
mixture are not always completely precipitated, even at optimum 
proportions , when antigen is m considerable excess this mcomplete 

Tabll VI 


Effect of non-specific protem on amount and composition of specific 
precipitates (Smith and Marrack, 1930, a, Marrack and Smith, 1931, b) 



Protein in 
reacting mixture, 
per cent 

Mg N in ; 
precipitate per | 
unit of ! 

anHtoxin 

Normal horse serum added 

Diphtheria 
toxin and 

purified anti- 
toxin balan 
ced mixture 

0 033 

1 22 

0 00161 

0 00163 

i 



Mg N in 




Protein in super- 

1 precipitate 

Ratio. Antigen 



natant fluid, 

from \ c c 

Total Protein 



per cent 

of antiserum 

in precipitate 


Azo'protein and 





precipitin 





balanced 

1 s 

0 282 

15 4 

Saline added 

mixture 

5 45 

0 287 

15 6 

Normal rabbit 





serum added 

Azo-protem and 





precipitin 





antigen ex- 

1 9 

0 320 

20 8 

Saline added 

cess 

5 6 

0 445 

20 1 

Normal rabbit 





serum added 


precipitation is usual Marrack and Smith consider that, since the 
amount of protein associated with a given amount of antigen m the 
precipitate was unaffected by the addition of non-specific protein to 
the reacting mixture, any increase m the total precipitate was due 
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to more complete precipitation and not to appreciable adsorption of 
the non-specific protein As would be expected, this mcreased 
precipitation occurred particularly when antigen was m excess 
Similarly, the ratio of nitrogen to polysacchande in a precipitate is 
of the same order, whether the precipitate is formed by the addition of 
specific polysacchande (Type III) to antipneumococcal serum, m 
which the specifically precipitable protein forms about 15 per cent 
of the total protein, or to an antibody solution in which the speci- 
fically precipitable protem is 50 to 60 per cent of the total (Heidel- 
berger and Kendall, 1935, a) Heidelberger and Kendall (1935, a) have 
also found that the addition of normal horse serum to a purified 
solution of antibody to Type I pneumococcus did not increase the 
amount of protein precipitable by a given amount of Type I 
polysacchande 

Even more stnking evidence is found in the work of Heidelberger 
and Kabat (1934, 1936) on the amount of nitrogen earned down from 
antisera in precipitin and agglutm reactions They found that the 
amount of nitrogen precipitated from an antipneumococcal serum 
(freed from antibodies to non-type-specific polysaccharide and 
protems) by the type-specific polysacchande was the same as the 
amount earned down by pneumococci of the same type when 
agglutmated If nitrogen were adsorbed non-specifically, it would 
be extremely unlikely that the amount adsorbed would be the same 
under such diverse conditions 

The precipitate formed in a balanced mixture of diphtheria toxin 
and antitoxin, prepared by peptic digestion according to the Parfent] ev 
process, contained the amount of nitrogen found m precipitates 
from balanced mixtures of toxin and undigested antitoxin (Pappen- 
heimer and Robinson, 1937) This would be expected if the protem 
precipitated from the antitoxic serum is the actual antibody, and 
part of the antibody molecule is split off in the digestion process 

A different line of approach has been used by Dean, Taylor and 
Adair (1935) They immunized rabbits both with egg albumm and 
horse serum albumm and found that the same amount of protem 
was precipitated by serum albumm from untreated serum or from 
serum from which a precipitate previously formed by the addition of 
egg albumin had been removed Similarly the amount of protein 
precipitated by egg albumin was not affected by a previous precipi- 
tation with serum albumm , and the amount of protem precipitated 
by egg albumm and serum albumin togethef was equal to the sum 
of the amounts precipitated by egg albumin and serum albumin 
separately 

We may therefore say that when an antigen reacts with an anti- 
body, a certain definite amount of the globulm of the antiserum, and 
not of other protems, becomes bound to the antigen and is more or 
less completely precipitated It is natural to infer from this and the 
preceding evidence concerning the protem nature of antibody that 
this globulm which is bound by the antigen is the actual antibody , 
and that immune sera contain a certam definite amount of globulin 
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which IS so altered that it will react with the appropriate antigen 
This opinion is supported by the work of Heidelberger, Sia, and 
Kendall (1930), in which they showed that the titre of an anti- 
pneumococcus serum was roughly proportional to the amount of 
protein precipitable from it by excess of specific carbohydrate But 
a serious objection is found in the work of Taylor (1931), which 
appeared to show, from the amount of antibody found in the 
supernatant fluid, that the amount of antibody (rabbit anti-horse 
serum) precipitated by a given amount of antigen (horse serum) 
was not increased when antibody was added m excess of optimum 
proportions , although Dean and Webb (1926) had shown that the 
amount of protein carried down from the antiserum by a given 
amount of antigen was increased under these conditions The 
optimum proportions method is sufficiently accurate to detect the 
removal of an amount of antibody equivalent to the increased protein 
m the precipitate, when the antibody excess is not great It can only 
be suggested that the residual antibody is in some way modified, so 
that the optimum proportion method no longer gives an accurate 
measure of its amount There is considerable evidence that the 
antibody molecules in a given serum are not uniform When part 
of the antibody is precipitated by antigen, the antibody molecules 
left in solution are probably those of lower affinity for antigen and 
may well differ m their behaviour in the optimum proportions 
reaction Certainly the precipitates obtamed, when antigen is 
mixed with antibody in excess of optimum proportions, contain 
excess of antibody m some cases Thus, diphthena-toxin-antitoxm 
floccules are themselves antitoxic, when precipitated from a mixture 
containing antitoxin m excess (Ramon, 1922) Marrack and Smith 
(1931, b) give additional evidence that, m a precipitin reaction with 
azo-protem as antigen, the increased ratio of protein to antigen m 
the precipitate, obtained when antibody is added m excess, corre- 
sponds to an increase of the amount of antibody precipitated by a 
given amount of antigen Another serious difficulty has been brought 
out by quantitative studies of precipitin reactions The amount of 
protein precipitated from an antiserum on the addition of antigen 
does not reach its maximum at the equilibrium point, that is, the 
pomt where neither antigen nor antibody is detectable in the 
supernatant fluid The maximum is reached when the excess of 
antigen has been added (Ch VI, Section M) It appears as though 
some protein was precipitated, when excess of antigen was added, 
that did not function as antibody The work of Heidelberger and 
KendaU (1935, b, c, d) suggests an explanation The antibody 
molecules are not uniform , some have such a weak affinity for 
antigen, or so few combming groups, that they can be built into a 
precipitate with antigen only when more " avid” antibody mole- 
cules are present In the absence of such more avid molecules they 
cannot form a precipitate with antigen When antigen is not in 
excess it combines mainly with the more avid molecules and leaves 
the less avid free At the first pomt at which neither antigen nor 
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antibody can be detected in the supernatant fluid after a precipitate 
has formed some of these '' non-avid ” antibody molecules are left 
m solution Only an excess of antigen precipitates all the antibody 

The objection might be raised to this explanation that it amounts 
merely to calling the non-specific protein, which is precipitated by 
excess antigen. “ non-avid " antibody This objection is met by 
the fact that the total amount of protein precipitable from an 
antiserum by antigen is constant and is not increased by the addition 
of normal serum 

D The Relation of Antibody Globulin to Normal Globulin 

It appears, therefore that the properties of antibodies indicate that 
they consist of modified serum globulin The question then arises 
wherein the difference between normal and antibody globulin lies, and 
whether any differences, other than the specific power of combming 
with antigens, can be demonstrated The antibody molecules may 
differ either in their general structure or in the presence of a pros- 
thetic group 

As pomted out in Chapter I there is a possibility that the fractions 
prepared from seram globulin are artefacts Ihe confinement of 
some antibodies to definite fractions (e g diphtheria antitoxin and 
pneumococcal antibodies of horse serum) suggests that the molecules 
from which these fractions are formed differ from the remaining 
globulin molecules But the great variability in the behaviour of 
antibodies to the same antigen on fractionation, the appearance of an 
antibody in one fraction when prepared from the serum of one animal 
and in another fraction when prepared from the serum of another 
animal, show that in this respect there is no evidence of an essential 
peculiarity, qua antibody to a particular antigen, in antibody 
globulins 

Exception might be made of the pneumococcal antibodies of horse 
serum which do constantly appear in and form the greater part of 
certain globulin fractions Felton (1926), comparing antipneumo- 
coccal sera with normal sera, found a larger proportion of the globulin 
of the antipneumococcal sera precipitated, on dilution, in the 
neighbourhood of pH 6 8 And as the fraction precipitated at this 
pH was mamly composed of antibody globulin, he considered that 
the antibody globulin formed a globulin fraction not present in 
normal serum 

Reiner and Reiner (1932) showed that a' fraction with similar 
properties can be separated from normal horse serum It might 
be inferred that the isoelectric point of these globulin fractions was 
in an abnormally alkaline range Preparations of Type I antibody 
were made by a special method elaborated by Chow and Goebel 
(1935) , the greater part of the protein in this preparation was 
precipitable by acetylated Type I polysaccharide In the presence 
of low concentrations of electrolytes the protein m these preparations 
was insoluble at pH 7 6 and dissolved on the addition of small 
amounts of acid or alkali Chow and Goebel inferred that the 
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isoelectric points of these antibodies lay near pH 7 6. and anticipated 
that these protems would contain an abnormally high proportion of 
basic amino-acids This was not the case , the lysine was only 
slightly above that of normal serum globulin However, Heidel- 
berger, Pedersen and Tiselius (1936), using actual cataphoresis 
methods, found the isoelectric point of antibody to T}rpe I 
pneumococcus (from horse serum, recovered from the specific 
precipitate) to be at pH 4 8 The isoelectric point of preparations 
from anti-pneumococcal horse sera by Felton’s method lay between 
pH 5 0 and 5 2, while that of the preparation from normal horse 
sera by this method was at pH 5 7 The isoelectric point of the 
antibody recovered from the specific precipitate formed by rabbit 
antisera to Type III pneumococcus and Type III polysacchande, 
was at pH 6 6, but the protein did not appear homogeneous 

Ultracentrifuge methods have shown that the fractions prepared 
by Felton’s method from normal and antipneumococcal horse serum 
differ considerably m particle size (Table VII) The antibodies to 
pneumococci m horse serum appear to be characterized by a sedi- 
mentation constant'^ (and consequently particle size) considerably 
higher than that of the chief fraction of the globulin of normal 
serum, although a small fraction with this high sedimentation 
constant is also present m normal serum 

Preparations of the antibody can be obtained m which the protem 
IS solely in the form of these particles and removal of antibody from 
serum by the specific polysaccharide reduces the number of large 
molecules in the serum 

However, in the antibody preparations recovered from the specific 
precipitate by extraction with Ba(OH )2 the large particles are much 
broken up, without loss of the ability to precipitate with the poly- 
saccharide Also rabbit pneumococcal antibodies do not differ from 
normal serum globulin in particle size and cannot be precipitated 
from serum by dilution with distilled water (Heidelberger and 
Kendall, 1933) Neither the peculiar solubility nor the large particle 
size can be considered essential characteristics of pneumococcal 
antibodies 

If the claims to have raised the concentration factor of antibodies 
appreciably by adsorption and elution are correct, these must be 
based on differences from normal globulins An indication of similar 
differences is given by the work of Reitstotter (1920), Freundlich and 
Beck (1925), and Rabmerson (1926) Reitstotter found that feme 
hydroxide sol was precipitated at lower salt concentrations when 
mixed with pseudoglobulm from antisera than when mixed with 
pseudoglobulin from normal sera Freundlich and Beck conhrmed 
this , the differences were not very striking, but appeared constant 


^ Sedimentation constants are given rather than molecular weights, as the 
sedimentation constant depends on the shape of particles as well as on their 
weight Further data are required in order to calculate the molecular 
weights of these antibodies, but it can be said that they are three or four 
times as heavy as the molecules of normal serum globulin 




62 ANTIGENS AND ANTIBODIES 

Table VII 


Sedimentation Constants and Isoelectric Points of Antibodies 


A?iiibody 

Preparation 

Method of 
Preparation 

Sedimentation 

Constant 

Isoelectric Ptnnt 
pH 

Anti-Pneumococcal , 
Types I, II and 
VIII [horse 

serum) 

1 

Felton 

Principal Portion, 
15 X 10-“ 

Not homogeneous 

(A) 


Anti-Pneumococcal , 
Type I (horse i 
serum.) 


Principal Portion, 
18 X I0-“ 

Large Portion, 

6 8 X 10-“ 
Small Portion, 

24 X I0-“ (B) 

5 0 to 5 2 (C) 

Normal horse serum 

■ 

9 X 10—^* and 

17 X 10-“ (A) 




Principal Portion, 

8 1 X 10-“ not 
homogeneous 1 

Small Portion, 

12 9 X 10-“ and 
18 5 X 10-“ (B)l 

5 7 

Rather inhomo- 
geneous (C ) 

Normal horse serum 
globubn 

Ammonium sul- 
phate precipita- 
tion 

7 1 X 10-“ 

5 2 . also more 
alkaline fractions 

(D) 

Anti-Pneumococcal , 
Type I (horse 
serum) 

Dissociated from 
specific precipi- 
tate 

18 2 X 10-“ 
Almost homogen- 
eous (B) 

4 B , homogeneolu 
(C) 

Anti-Pneumococcal 
Type III (rabbit 
serum) 

. 

7 0 X 10-“ 

Also minor frac- 
tions (B) 

6 6 , not homo- 
geneous (C) 

Normal rabbit 

serum globulin 

Sodium sulphate 
precipitation 

Principal Portion, 

7 1 X 10-“ 
Small Portion 

18 4 X 10-“ 
Also minor frac- 
tions (B) 


Anti - egg - albumin 
serum globulin 
(Rabbit) 


Pnncipal Portion, 

7 4 X 10-“ 

Small Portion, 

19 6 X 10-“ (B) 


Anti - azo - protein 
serum (Rabbit) 

Untreated 

7 X 10-J" (A) 


Haemolysm for 

sheeps' red blood 
corpuscles 

Untreated serum 


About 6 3 

Positive at 5 25 
and 5 6 (£) 

Agglutimn for B 
paratyphosus B 

" 


.. (E) 

The greater part of 
the protein of 
haemolytic and 
agglutinating sera 

1 


Negative at 5 2 to 
B 2 


(A) Biscoe, Heicik and Wyckoff (1936) (D) TiseliuB (1637) 

(B) Heidelberger and Pedersen (1937) (£) Girard and Louranc (1934). 

(C) Heidelberger, Pedersen and Tisebue (1936) 
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Rabinerson obtained similar results with globulin from diphthenaariti- 
toxin However, Mutzenbecher (1931) found that the water-soluble 
globulin, obtained from diphtheria antitoxic sera by electrodialysis 
behaved m the opposite way, and that the effect of pseudoglobuhn 
prepared by the method used by Reitstotter was within the limits 
of the effects produced by the preparations from normal sera 

Kasamowsky (1929) found prussian blue sol to flocculate at a 
different pH when mixed with diphtheria antitoxin serum to that at 
which it flocculated when mixed with normal serum The pseudo- 
globuhn concentration m the two sera was said to be the same It is 
very possible that differences of preparation, &c , may have a con- 
siderable influence on these results The published experiments are 
not sufficiently numerous or consistent to show that the differences 
between antibody globulin and normal globulin are mvanable Also 
in most antisera the antibody globulin forms only a smaU part of the 
total protein It is unlikely, therefore, that any differences m 
composition of antibody and normal globulin would be detectable 
except in highly purified preparations 

The nitrogen content of purified pneumococcal antibodies (Felton, 
1932) agrees well with that found for normal globulin (Adair and 
Robinson, 1930) Pseudoglobulm from diphtheria antitoxin serum 
may contain a high percentage of antibody globulin , Smith, Brown, 
and Gross (1932) found that the nitrogen content of such pseudo- 
globulin was the same as that of pseudoglobuhn from normal serum 
Analyses of pseudoglobuhn fractions of diphtheria and tetanus anti- 
toxin sera did not differ significantly from those obtained for normal 
sera (Banzhaf, Sugiura, and Falk, 1917) Analyses of various 
specially punfied antibody preparations and of antigen-antibody 
precipitates are given in Table VIII As a whole, the differences 
found between the different samples are not greater than might be 
expected from the use of different methods by different workers 
The amounts of histidine found by Calvery and his colleagues in 
Type I and II lloccules are very low compared with the amounts 
found by Chow and Goebel in the purified antibody This may be 
due to the difference of methods , nitrogen of other amino-acids 
may be included in the histidine nitrogen of the Van Slyke partition 
method (see Calvery, 1929) 

As already noted, Rosenheim (1937) showed a progressive resis- 
tance of agglutinins to destruction by pepsin and trypsin as immuni- 
zation was prolonged This resistance might be interpreted m 
various ways The antibody globulin as a whole might be supposed 
to be abnormally resistant to digestion, or the antibody function of 
the antibody molecule might be supposed to survive a certam degree 
of digestion Rosenheim suggested an explanation along the second 
Ime — that the formation of bmding sites for antigen may occur 
in the termmal or exposed ammo-acids m the globulin molecule m 
the early stages of immunization, and m more central parts of the 
molecule in later stages Removal of terminal ammo-acids by pepsin 
and trypsm would remove the active groups of the first type of 
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Composition oj purified antibody preparations and of antigen-antibody precipitates 
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antibody, but expose fresh active groups of the second type ^mce 
papain attacks any peptide hnk m the protein molecule, it will break 
up active or potentially active groups whether termmal or not, and 
destroy the agglutmatmg power of both types of antibody This 
explanation involves assumptions concemmg the structure of 
protems and the action of proteolytic enzymes which may not be 
correct (m Wrmch’s cyclol molecules there are no termmal ammo- 
acids) 

The quantitative work of Pappenheimer and Robmson (1937) 
indicates that the actual antibody molecule is not resistant to 
proteol 5 rtic enzymes, but that the antibody function survives a 
certam degree of digestion, owmg either to the uncovermg of fresh 
bmdmg sites, as suggested by Rosenheim, or to the special resistance 
to digestion of part of the antibody molecules 

The change m ultraviolet absorption found by Takodora and 
Nakayama (1920) is accounted for by increase of serum globuhn, 
which usually occurs on immunization 

There does not therefore seem to be any consistent chemical or 
physical difference between antibody globulin and normal globulin 
other than the possible resistance of part of the molecule to the action 
of proteolytic enzymes 

The peculiarity of structure or prosthetic group, which converts a 
globulm molecule into an antibody, may be of very varying degrees 
of stability It may be destroyed by manipulations which would 
leave ordinary globulin unaffected, or survive a considerable altera- 
tion m the globulin molecule as a whole This would account for the 
great differences m the heat stability of different antibodies and for 
their survival of some degree of digestion by trypsm The power to 
act as an antibody must depend on some difference from normal 
globulm, and, so long as antibodies do not resist treatment that 
completely destroys the globulm, differences m stability cannot be 
regarded as evidence of the non-protem nature of antibodies 

E The Increase of Serum Proteins on Immunization 
On immunization there may be a considerable mcrease of serum 
globuhn Investigations have been made mamly on the sera of 
horses immunized agamst diphtheria toxm Re 5 miann‘s (1924) 
average figures for 24 horses show an mcrease of globulm from 4 l7 
to 6 27 per cent with the development of 325 units of antitoxm 
per c c The globulm fraction not precipitated by one-third 
saturation with ammonium sulphate was chiefly affected, nsmg from 
3 28 to 5 15 per cent , the globulm fraction precipitated by one-third 
saturation rose, to a less degree, m the earher stages of immunization, 
but the mcrease was not mamtamed Albumin was reduced from 
3 01 to 2 29 per cent Similar results have been obtamed by qthers 
(Hiss and Atkmson, 1900-1 , Gibson and Banzhaf, 1910 , Meyer, 
Hurwitz and Taussig, 1918 , Kirkbnde and Murdick, 1927) Joachim 
(1903), however, found in one serum contammg 500 units per c.c 
that the chief mcrease was of the fraction precipitated by one-third 

(41021) H 
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saturation with ammonium sufphate Ledmgham (1907) also found 
m one horse serum a considerable mcrease of this fraction , but the 
partition of the globulm between the two fractions was very variable 
The reduction of albumm does not always occur, and in such cases a 
great mcrease of total protem may be found, up to 15 per cent 
lonesco-Mihaiesti and others (1935) found that the titre of antitoxic 
sera does not nse to high levels until the concentration of globulin 
begins to nse The mcrease of globulm does not run parallel to the 
antitoxic titre Thus, Kirkbnde and Murdick (1927) found only 
6 52 per cent of pseudoglobulm (6 89 per cent of total globulm) 
in a serum contammg 2,050 antitoxic units The antitoxic titre may 
remain high although the globulm concentration falls (Ionesco- 
Mihaiesti and others, 1935) An mcrease of globulin also occurs m 
the serum of refractory horses (Reymann) 

Similar but less extreme changes of proteins occur m the serum 
of horses immunized with typhoid bacilli, colon bacihi and cholera 
vibrios (lonesco-Mihaiesti and others, 1935) Langstem and Mayer 
(1904) found both globulin fractions, that soluble and that insoluble 
m one-third saturated ammonium sulphate, increased m the serum 
of rabbits immunized with typhoid bacilli, pneumococci and strep- 
tococci , the albumm was reduced Hurwitz and Meyer (1916) 
found the mcrease of globulm very irregular on immunizing Belgian 
hares with typhoid bacilli, dysentery bacdli (Shiga), and staphy- 
lococci Hewitt (1934) found an increase m globulin m horse 
serum from 4 1 to 7 9 after immunization with a haemolytic 
streptococcus Immunization of rabbits with pneumococci causes an 
increase of the total globulin, but not of the globulin precipitated 
by 10 per cent methyl alcohol (euglobulin) , a steep nse of total 
globulm precedes a steep rise of antibody, but the antibody and 
mcrease of total globulm run roughly parallel In horses immuni- 
zation causes an mcrease of the globulin precipitated by 10 per cent 
methyl alcohol (Liu, Chow and Lee, 1937), but only a slight mcrease 
of the fraction, charactensed by peculiar solubility, in which the 
actual antibody is found (Liu, Wu and Chow, 1937) Doerr and 
Berger (1921) and Berger (1922) found a very considerable mcrease 
m the serum globulin of rabbits immunized with foreign serum or 
red blood corpuscles Hartley (1914, b) found the globulm insoluble 
m saturated NaCI solution, mcreased m cattle hyperimmumzed 
against nnderpest 

Since only about 0 01 mg of globulm per ilhit of antitoxm is preci- 
pitable by the addition of diphtheria toxin, only a fraction of the 
usual mcrease of globulm can be regarded as the actual antitoxic 
globulin At most f, usually under i, of the mcrease of globulin m 
rabbit's serum, on immunization with pneumococci is accounted for 
by antibody, (Liu, Chow and Lee, 1937) It appears that a consider- 
able new formation of globulm occurs m response to the stimulus 
of the antigen, but that only a part of this can actually react with 
the antigen 

An mterestmg instance of fhe connexion between serum globulm 
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and antibodies is seen m the development of antibodies m the serum 
of calves (Orcutt and Howe, 1922) At birth the serum contains no 
agglutmms for Brucella abortus and the amount of globulm precipi- 
table by the lower concentrations of sodium sulphate is very small 
Colostrum contams agglutmms, and also much more of a globulm 
apparently identical with serum globulm than does ordmary milk ; 
after its mgestion the fraction of the globulm precipitated by low 
concentrations of sodium sulphate rises considerably m the calves’ 
serum within a few hours (e g from 0 5 to 3 0 per cent ) , at the same 
time agglutmms appear m the serum up to a titre of 1/100 to 
1/12,000 Ordmary milk does not have this effect 
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CHAPTER III 


THE SPECIFICITY OF ANTIGENSi 
A Artificial Protein Antigens 


1 Azo-proteins 


In discussion of the nature of the immunity reactions it is necessary 
to consider hrst the simplest reactions which involve the fewest 
unknown processes We shall therefore deal mamly with precipitin 
and agglutinin reactions Again, naturally occurrmg antigens do not 
present such variations as would make them suitable for the study of 
the effect of changes of chemical composition and configuration on 
their immunological character It is therefore necessary to make use 
of artificial preparations The most successful method is that intro- 
duced by Landsteiner and Lampl (1917, c) , it is best illustrated by 
an example 

Atoxyl (^-ammo-benzene-arsinic acid) 

AsOjHj 



NH, 


when mixed with sodium nitnte and HCl is diazotized and forms 


AsOjHj 



N=N— Cl 


this when mixed with an aromatic substance which has an — OH 
group in the benzene ring, or with various hetercyclic compounds, 
couples with them, forming azo-dyes In particular, as shown by 
Pauli (1915), It wiU combine with tyrosine, forming the compound 


CHa CH COOH 



OH 


When the diazotized atoxyl is mixed with a protem m alkalme solu- 
tion it combmes, presumably with tyrosine and histidme of the 
protem, and forms a dye, red m alkaline and yellow m acid solution 


^ For a fuller discussion the reader is referred to " The Specificity of Sero- 
logical Reactions^' K Landsteiner (1936, a) 
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Such a compound Landstemer called an atoxyl-azo-protem.’- This 
treatment gives the protein a new immunological character dependent 
on the " determmant group", atoxyl, which has been attached. 
This new character may be shown m four ways 

(1) The serum of a rabbit immunized with atoxyl-azo-protem will 
give a precipitate with any other protem coupled with diazotized 
atoxyl For example, horse-serum protems coupled with diazotized 
atoxyl may be used for immunizing a rabbit , the antiserum produced 
will give a precipitate with chicken-serum proteins or egg albumin 
coupled with diazotized atoxyl ® The reaction is specific , such a 
serum will not give a precipitate with protem coupled with diazotized 
sulphanUic acid 

SOjH 



NHa 


(2) If a gumea pig has been sensitized with one atoxyl-azo- 
protem, the injection of another atoxyl-azo-protem wiU produce 
anaphylactic shock (Landstemer, 1924) 

(3) The formation of a precipitate by atoxyl-azo-protem and anti- 
serum is prevented by the addition of an excess of relatively simple 
substances contammg atoxyl, such as diazotized atoxyl coupled to 

1 Klopstock and Setter (1928) mixed diazotized atoxyl and protems m 
" neutral “ solution and found that the product (which they considered a 
mixture) behaved immunologically like the azo-compound This experiment 
IS quoted as indicating the possibdity that new immunological characters 
may be introduced into proteins by mere mixing with various substances, 
and as suggesting an explanation of drug idiosyncrasies It is, however, 
obvious at first sight, and has been conclusively demonstrated (Heidelberger 
and Kendall, 1929, a), that actual combination of protem and diazotized 
atoxyl occurs in neutral solution If enough of the diazo-compound is added 
combination may also occur with the indole group of tryptophan, the NH 
group of proline and oxyproline, the imidazole group of histidine and with 
free NHj groups 

’ The original immunological character of the protem may not be wholly 
destroyed That is, the serum in the example may still give a precipitate 
with untreated horse-serum proteins It is therefore necessary to test for 
the appearance and specificity of the new immunological character with a 
" test antigen ", that is, an unrelated protein coupled to the " determmant 
group ", which m this case is diazotized atoxyl ^ 

It IS necessary to introduce a termmology m order to avoid repetition or 
vagueness Two antigens A and B will be said to be “ equivalent " when the 
antiserum to a reacts in the same titre both with a and b, and vice versa 
A and B will be said to be " partially equivalent " or to give cross-reactions 
when the antiserum to a does not give such a strong reaction (m titre or 
amount, for example, of precipitate) with B as with a or vice versa a and b 
are said to be immunologically different when the antiserum to a gives no 
reaction with b and vice versa It should, however, be roahzed that in most 
cases the method of test of the equivalence of two antigens has been 
relatively rough Quantitative estimations of the amount of antibody 
precipitated may reveal differences between antigens that have been con- 
sidered equivalent 
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tyrosine , by atoxyl itself in higher concentrations, and even by 
arsenic acid in sufficient amount (Landsteiner, 1920, Table IX) 
These simple substances are not antigenic, that is, they will not 
produce antisera when injected mto animals Nor, as a general rule, 
wiU they give precipitates with antisera to the homologous azo- 
protems, nor produce anaphylactic shock in gumea-pigs sensitized by 
the homologous azo-protein They wdl m the remainder of this work 
be called " simple haptenes ” 

Table IX 


Effect of various compounds on the precipitate formation by 
antiserum to p-aminO-henzene-arstnic acid [atoxyl) diazotized 
and coupled to protein, and a test antigen 


Substance 

added 

^-aiMUo bensene arstnu 
acid diOMoiiMed and 
coupled With tyrosine 

p armno beneene 
arstnic acid 

Beneene 

arstnte 

acid 

0 armno- 
beriiene 
arstnic 
acid 

Methyl 

arstme 

acid 

p-amtHo- 

benteru 

^ulpkontc 

acid 

Q)iicentratiGn 

used 

M/10,600 M/l 200 M/400 

M/270 M/90 M/30 

M/70 

M/70 

M/70 

M/70 

De^ee of preci 
pltatlOD 

1 ++ ± 0 

+ + + 0 

0 

0 

+ + 

+ + 


(4) A guinea pig sensitized with atoxyl-azo-protem can be pro- 
tected agamst the production of anaphylactic shock by a discharging 
dose of another atoxyl-azo-protem by mjectmg, before the " dis- 
chargmg ” dose, an excess of simple haptene (Landstemer, 1924). 

These last three reactions are also specific If the animal is im- 
munized or sensitized with atoxyl-azo-protem, atoxyl is the essential 
constituent m the subsequent reactions, and another aromatic amine, 
such as sulphandic acid cannot be used m its place The use of these 
azo-derivatives presents the advantages of the several methods by 
which the determination of immunological character can be studied 
The greatest advantage, however, lies m the vanety of " determinant 
groups " that can be attached The substances attached to proteins 
m this way contam a benzene rmg , an — NH^ group must be 
attached to one of the carbon atoms of this rmg m order to provide the 
— N = N — link to the protem A great range of atoms or groups of 
atoms may be attached to the other five carbon atoms of this ring 
Such substituents occupy the distal position, are the parts of the 
azo-protem presented towards other molecules, and may m many 
cases wholly or mainly determine the immunological character 

The first " determinant groups ” thus employed were aromatic 
acids Landstemer and Lampl (1918) tested the reaction of 35 
antigens, so formed, with antisera to 23 antigens With the simple 
precipitin reaction the specificity was not absolute , it was determmed 
partly by the acid radicle and partly by the position of this radicle m 
the benzene rmg Thus protems coupled with o-ammo-benzene- 
sulphonic acid 
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gave precipitates with antisera to both o-ammo-benzene-sulphonic 
and w-amino-benzene-sulphoiuc 

QSO3H 

NHj 

azo-proteins, but not with the antiserum to the /)-derivative 

SO3H 



NH 3 

also with antisera to o-ammo-benzoic 


(^COOH 

NH3 

azo-protein, but not with the antisera to the m- and ^-ammo-benzoic- 
azo-protems 

The introduction of further substituents for — H in the benzene 
ring affected the specificity Thus, the antiserum to o-ammo- 
benzene-sulphonic-azo-proteins did not react with the proteins 
coupled with 


Cl CH 3 



NHj NHj 


and the antisera to these two latter compounds reacted only slightly 
with o-amino-benzene-sulphonic-azo-protem The 

Cl CH 3 


SO3H 


antibody reacted weU with 


SO,H 


NH, 


NH, 


azo-protem and vice versa 

The mhibition reaction showed a rather le?s degree of specificity. 
Thus the reaction between ^-amino-benzene-arsmic-acid antibody 
and the homologous antigen was mhibited not only by ^-amino- 
benzene-arsinic acid but also by o-ammo-henzene-arsmic acid and by 
3-chloro-4-amino-benzene-arsinic acid 
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■ 

and that between o-amino-benzoic-acid antibody and the homologous 
antigen was mhibited (Landstemer and van der Scheer, 1931, a) both 
by benzoic acid, and by benzoic acid substituted either in the o- or m- 
position with — CHj, —Cl, — Br, or — NOj, e g by both 


COOH COOH 



It IS mterestmg that the benzene nng is not indispensable for inhibi- 
tion Thus the ^-amino-benzene-arsinic acid (atoxyl) reaction was 
mhibited by arsenic acid, though hardly at aU by methyl arsmic, 
CHjAsHjOj , and the o-amino-benzoic acid reaction by other ring 
compounds , for example, thiophene carboxylic acid 


COOH 

a , naphthoic acid 
COOH 
S 

and cycZo-hexane-carboxyhc acid 




also to a less degree by fatty acids, the greatest effect being obtained 
with caproic, CjH^ COOH, and heptylic, C^Hja COOH, and less with 
acids of lower molecular weight (Landstemer and van der Scheer, 
1931, a). 

Erlenmeyer and Berger (1934) show that in pyrazolon compounds 
specificity was affected by the position of a double bond Precipi- 
tate formation by antigens, formed from l-phenyl-2, 3-dimethyl- 
4-amino-5-pyrazolon 


.NH, 


H3C-C=C 

I’ ‘^^0=0 

I S l/ 

-N 


C- 

I 

CH, 


I 


H, 


diazotized and coupled with protein, and the correspondmg anti- 
serum was inhibited by other compounds with a double bond between 
the 3 and 4 C atoms , it was not inhibited by compounds with the 
double bond between the 2 and 3 C atoms 
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^^en the determinant groups m antigens are benzene ring deri- 
vatives with a carbon chain attached to the ring the specificity 
becomes less sharp as the number of carbon atoms in the chain is 
mcreased Thus while phenyl-acetic acid 

CHj COOH 



IS immunologicaUy distinct from benzoic acid the longer chain 
compounds phenyl-butjuic acid 


CH, CH^ CHi COOH 

and phenyl-caproic acid 


CHj CHs CHj CHj CHj COOH 




are almost equivalent (Landsteiner and van der Scheer, 1934, a) 

A set of experiments which is of great interest m connexion with the 
specificity of protems were made with peptides by Landstemer and 
van der Scheer (1932) Compounds, of which ^-ammo-benzoyl- 
glycyl-leucme is an example. 


leucine 


CO-NH-CHj— CO— NH— CH— COOH 


glycyl 


NH, 


CH, 

I 

CH 

/\ 

CH, CH, 


were synthesized and used as " determmant groups CaUing this 
compound G L (= glycyl-leucme) and the corresponding -glycyl- 
glycine, -leucyl-glycine, and -leucyl-leucme compounds G G , L G , 
and L L respectively, it was found that, for example, G L antiserum 
gave a precipitate with G L antigen, less with L L antigen, and 
less or none with G G and L G antigens The reaction of G L 
antiserum with G L antigen was inhibited by ^-amino-benzoyl- 
glycyl-leucine and nearly as strongly by />-ammo-benzoyl-leucyl- 
leucine, but only very slightly affected by the similar G G and L G 
compounds The specificity is determmed, fherefore, by the nature 
of both ammo-acids, but the prmcipal factor is the terminal ammo- 
acid Further work by Landstemer and van der Scheer (1934, b) 
with polypeptides containing up to five amino-acids confirms the 
predommant effect of the terminal acid and lesser effect of 
the nature, order and number of the non-termmal ammo-acids 
Thus the reaction between the L G antigen and the homologous 
antiserum was mhibited by nitro-benzoyl-L G compound, but 
not by nitro-benzoyl-G L , L G G and G G L , and only shghtly 
inhibited by nitro-benzoyl-G L.G 
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When the “ determinant groups " do not contam acid radicles the 
specificity IS less sharp (Landstemer and van der Scheer, 1927) As 
already mdicated, the position of substituents m the aromatic nucleus 
IS of more importance than their nature Thus ^-chloro-anihne 

Cl 



NH, 


antibody reacted 
/i-toluidme 


antigens 

This work has been extended to mclude determinant groups that 
contam more than one benzene rmg Erlenmeyer and Berger (1932) 
studied a senes of compounds 

<^r-<3nh,. 

and found that those m which R represented CHj, O or NH were 
equivalent and sharply distmguished from the CO compound 
However, Jacobs (1937) did not confirm this He found cross 
reactions between the CHj, O and CO compounds, varymg greatly 
with different sera (Table X) Cross reactions with the N = N 
compound were much weaker This may be m part due to the 
greater length of this bond and to the fact that the N = N compounds 
are probably trans compounds, while the other compounds are 
necessarily cis Jacobs also found but weak cross reactions between 
this group of compounds, 

andme NHj 


equally with ^-nitro, ^-chloro, ^-bromo anilme and 


CH3 



NHj 


/i-ammo-diphenyl 



^-naphthylamme 



and ^-anthramme 



78 ANTIGENS AND ANTIBODIES 

Smiilax results were obtained by Mutsaars and Gr^goire (1936) with 
aniline and naphthylamme The much wider cross reactions descnbed 
by Adant (1930) do not agree with general experience In this type of 
determinant group the termmal part seems less important than m the 
polypeptides and disacchandes , specificity is determmed by the 
whole of the determinant group 

Table X and Table XI illustrate the relative nature of specificity 
Some sera are far more stnctly specific than others As a general 
rule the sera that form the heaviest precipitate with the homologous 
antigen are least specific 


Table X 


Cross reactions between synthetic antigens made from 

^ NH^, {Jacobs, 1937) Upper line readings after 
15 minutes at room temperature, lower line after night in cold 


Antisera to antigens made 
with horse serum protein, 
in which R 1.J 4' 

Antigens made with chicken serum protein, 
in which R is 

o 

CH, 

CO 

-N=N- 

0 Senim I 

++ 

= ± 

+± 

± 


++ 

+ ± 

++ 

± 

Serum II 

+ i 

+ 

Tr 

± 


++± 

+ + 

+ ± 

+ 

CH, Serum I 

O 


O 

O 


± 

+ + 

Tr 

Tr 

Serum II 

+± 

+ + 

+ ± 

F Tr 


+± 

+ + ± 

+ ± 

Tr 


Table XI 


Cross reactions of antisera to antigens, in which determinant groups 
are joined to horse serum protein by ureido and azo links, with 
antigens made with pig serum proteins, Mutsaars and Gr^goire (1936) 



Phenyl- 

w-naphihyX- 

Aniline 

zL-naphthyl- 


ureido 

ureido 

aio 

amine aeo 

Anil sefum 

antigen 

antigen 

antigen 

antigen 

Phenyl-ureido strum 1 

+++ 


+ 

o 

2 

++ 

o 

O 

O 

.. 3 

o 

o 

o 

o 

r. 4 

+++ 

++ 

+ + 

o 

ornaphthyl-ureido 





serum 1 

o 

+ + + 

o 

o 

„ 2 

o 

+++ 

o 

o 

Aniline-aio serum 1 

o 

o 

+ 

o 

2 

++ 

++ 

+++ 

+ 

3 

+ 

0 

++ 

o 
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2, The Effect of Spatial Configuration 
Studies on the effects of spatial configuration on immunological 
character have produced very interestmg results Landstemer and 
van der Scheer (1928) first used phenyl — ^-amino-benzoyl-ammo) — 
acetic acids H COOH 


NH,<' Vc— N— C- 

^11 I I 

O H COOH 


NH, 




I 

O H H 


The dextro- and laevo-isomers differ only in the arrangement of the 
groups round the — C— atom m heavy print The two optically 
active forms and the mactive mixture of laevo- and dextro- were 
Imked to proteins in the usual way and used as antigens There was 
some overlapping m the reactions of the resultant antisera with the 
two forms Thus the tf-antisemm gave a slight precipitate with the 
Z-antigen diluted 1/400, but a better precipitate with the i-antigen 
diluted 1/50,000 , inhibition tests with the simple haptenes also showed 
some overlapping As might be expected, the racemic antigen and 
haptene behaved like a mixture of the d- and I- compounds This 
immunological differentiation of optical isomers may be compared to 
their differential adsorption by wool (Chapter I) More specific 
results were obtained (Landstemer and van der Scheer, 1929) with 


tartaric acid 




COOH 

COOH 

COOH 


H\^/OH 


HO\^/H 

The heavily pnnted 
bonds are in front 

1 

T 

1 

of the plane of the 

HO' ^H 

H' ^OH 

HO' 'H 

paper , the dotted 
bonds behind 

COOH 

COOH 

COOH 


Dextro- 

Laevo- 

Meso- 



Here the inactive meso-acid is not a mixture of laevo- and dextro- 
acids These acids were converted into tartramhc acids, e g 

HO H 

/ \ \ / 

NH/ >NH-CO C-C COOH, 

^ ^ / \ 

H OH 


and these compounds coupled with protein m the usual way The 
I- and i-antisera both gave only very slight reactions with the 
opposite antigen, but stronger reactions with the wi-antigen But the 
w-antiserum gave a precipitate only with the wi-antigen The results 
with mhibition tests were similar Malic acids 


COOH 

COOH 

\c/“ 

1 

«\c/^ 

1 

/i\ 

/ ■ ^H 

1 

H' ^OH 

COOH 

COOH 
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which coatam only one asynunetnc C atom had very weak mhibitoiy 
effect, each affecting the correspondmg tartaiic-acid reaction. 
Succmic acid, COOH CH, CHj.COOH, with no assymmetnc C atom, 
had no inhibiting effect 

Antisera to ^-ammo-succinanilic acid 

O 


II H, 
/\ H. 


COOH 


NH, 

are inhibited by the cis-compounds 

0 


H 


'^N^^C=C(^ 




COOH 


Maleic Acid 

but not by the trans-compounds 

0 


H\ /C\ 


/H 


;C=Cr 


, '^COOH 


0 ”" 

Citraconic Acid 

0 


H^ '^COOH 


Fumanc acid Mesaconic Acid 

(Landstemer and van der Scheer, 1934) 

The effect of differences of spatial arrangement have been studied 
also with carbohydrate-contauimg antigens Avery and Goebel 
(1929) coupled protems with ^-ammo-phenol-/9-glucoside and 
^-ammo-phenol-jfl-galactoside, and used these as antigens 



NMii 


The hexose nng is at nght angles to the plane of the paper The heavily 
printed bonds of the nng are m front of the paper and the hght ones behind 
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They differ only in the arrangement of the — H and —OH at the 
4th C atom of the hexose Both precipitate formation with the 
resultant antisera and inhibition were highly specific , mhibition was 
produced byO 2cc ofaO OIM solution of the homologous hexoside, 
but not by0 2cc ofaO IM solution of the heterologous hexoside 
The effect of differences m the arrangement of — H and — OH at a 
single C atom is also illustrated by the work of Woolf, Marrack and 
Downie (1936) A glucuronic compound (euxanthic acid) attached 
to protem forms a precipitate with Type II anti-pneumococcal 
serum The formation of this precipitate is inhibited by salts of 
glucuronic acid , but not by salts of galacturonic acid (which differs 
from glucuronic acid m the arrangement at the No 4 C atom), 
nor by mannuronic acid (which differs in the arrangement at the 
No 2 C atom) 

The a- and ^-glucosides were also studied (Avery, Goebel, and 
Babers, 1932) 

CHjOH 


H 

dr— Glucoside 

The distmction between these was not so sharp as between the 
glucoside and galactoside , the antisera gave precipitates with the 
heterologous antigens, though these were less heavy than with 
the homologous antigens An interesting point in connexion with this 
cross-reaction was that the precipitate formation by an antibody and 
the homologous antigen was inhibited only by the homologous simple 
glucoside , but the reaction with the heterologous antigen was in- 
hibited by both homologous or heterologous glucoside (see I able XII). 

Table XII 


Inhibition of reactions of a- and p-glucoside antisera with homologous 
and heterologous antigens by homologous and heterologous simple 
haptenes (Avery, Goebel and Babers, 1932; 



Antiserum to 

1 a-glucoside 

1 Antiserum to ^-glucoside 


with 

with 

with 

with 


a.-glucoside 

^-glucoside 

:x.-glucoside 

^'glucoside 

Test Antigen 

haptene 

haptens 

haptene I 

haptene 

Gt-gliicoside 

O 

\ + 

O 

O 

^-glucoside 

o 

o 

-1- 

o 


* The ring structure of hexoses and method of representing them in per- 
spective IS discussed later, in the section on carbohydrates The representa- 
tion of the hexoses as straight chains, on the flat, gives the arrangement round 
the No 4 C atom a false appearance of unimportance It is actually the 
ternunal C atom The ammo-phenol was attached by the glucoside link to 
the hexoses m order to provide an aromatic — NH, group by which they could 
be attached to proteins 

(44021) F 
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Goebel, Avery and Babers (1934) have done further work on these 
lines using the disacchandes maltose, ceUobiose and gentiobiose 
The reactions of the antisera obtamed were determmed by both the 
hexoses of the disacchandes, though the terminal hexose had the 
dommant effect, and by the stereo-chemistry of the bond between 
them. Thus the antiserum to the a-glucoside, maltose, gave more 
precipitate with the maltose antigen than with th& ^-glucoside, 
cellobiose, antigen (difference of link between hexoses) , it gave very 
little precipitate with the ^-galactoside, lactose, antigen (difference 
both of terminal hexose and of hnk between hexoses) The ceUo- 
biose antiserum gave less precipitate with ^-glucose antigen (only 
one hexose m common) than with ceDobiose antigen The mhibition 
of these reactions of these antisera with homologous and heterologous 
antigens, by homologous and heterologous haptenes is illustrated by 
the example given m Table XIII 

The reactions of such carbohydrate antigens may be modified by 
the mtroduction of substituents into the carbohydrate Goebel, 
Babers and Avery (1934) synthesized acetyl-^-glucoside antigens 



The acetyl-/S-glucoside antigen formed no precipitate with antisera 
to a-glucoside antigen and less with /9-glucoside antiserum than was 
formed by the unsubstituted /3-glucoside antigen Similarly, with 
the antiserum to the acetyl-^-glucoside antigen, the a-glucoside 
antigen formed no precipitate, and the ^-glucoside antigen a reduced 
precipitate The inhibition cross-reactions were similar to those of 
the a- and j9-glucosides 

3 Other Methods of introducing Determinant Groups 
Compared with the azo-method the possibilities of mtroducmg 
new groups mto protems by other methods used up to now are very 
hmited The chief mterest of such compounds hitherto has lam in the 
effect of substitution on the original immunological character of the 
protein Halogens and nitro groups can be introduced mto proteins 
probably mainly into the benzene nng of the tyrosine, ortho- to the 
—OH group (Bauer and Strauss, 1929) The resulting products have 
been remvestigated by WormaU (1930) ^ The original immunological 

1 Nitro-proteins and proteins in which a diazo group — N=N— Cl is intro- 
duced by treatment with mtnte and hydrochloric acid can hardly be differen- 
tiated in precipitation tests (Landsteiner and Prasek, 1913, WormaU, 1930) 
WormaU suggests that in both the diazo and mtro-proteins the substituted 
aromatic rings have a qmnoid structure and that the immunological 
relationship is due to this common change and not to the substituents 
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chafacter was more or less completely destroyed and a new specificity 
common to protems contammg the respective “ determmant groups " 
was found lodo- and bromo-protems, however, gave strong cross- 
reactions The precipitate formation by both lodo-protems and 
bromo-protems with corresponding antisera was mhibited by 
duodotyrosme, 

CHjs CHNHj COOH 


OH 


less efficiently by dibromotyrosme, and stiU less efficiently by 
dichlorotyrosine Potassium iodide, o-iodophenol, tyrosine and other 
ammo-acids were without effect 

This work was extended by Snapper and Grunbaum (1936) They 
found that aU aromatic compounds with a group 

I 

I 

HO-C 


inhibited Thyroxine 


I 

I 

Ho<r) 

> -0-<^^ ^ CHg CHNHg COOH 

I 

I 


mhibits , but th 3 rronme, m which the 7, 9 iodine atoms are absent 
does not , nor does the aliphatic CHjI CHOH CH^I If the hydrogen 
of the —OH group of 

I 

HO<( ^COOH 

3 5 -diiodo-4-oxybenzoic acid is replaced by an acetyl group 

CHj CO— the compound stiU inhibits, though less well , but the 
ether, m which this hydrogen is replaced by — CHg, does not 

Vanous other chemical modifications have the effect of destroymg 
the ongmal immunological character of the protein and mducmg a 
new " determmant group ” specificity Acyl groups may be mtro- 
duced mto the —OH and — NHg groups of the protem (Landstemer 
and Jablons, 1914) Some cross-reaction occurred between protems 
contammg different acyl groups Acetyl-protem (CHjCO— ) gives 
some complement fixation with antipropionyl (CHg CHg, CO— ) serum 
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but not with antibutyryl (CHj CHjCHjCO— ) and antivaferyl 
(CHj CHjCHjCHjCO — ) sera , the aromatic anisoyl- 

OCHa 

and cinnamyl- 

CH=CH C=0 


protems do not give cross-reactions with those containing aliphatic 
acyl radicles (Landsteiner and Lampl, 1917, b) Medveczky and 
Uhrovitz (1931) have found that antibenzoyl- 





protein serum will give precipitates also with m- and ^-nitro-benzoyl- 
proteins m dilutions about as high as with benzoyl-proteins , and 
with a-brompropionyl, a-bromisovaleryl, and a-bromisocapronyl pro- 
teins With the last three antigens the highest dilution m winch 
precipitation occurred increased with the molecular weight of the acyl 
group , this recalls the progressive efficiency of fatty acids of rising 
molecular weight, m inhibiting the reaction between ammo-benzoic 
acid azo-protem and its antiserum (p 75) 

Methyl groups may be introduced into the — OH, — NH^ and 
= NH groups of proteins (Landsteiner, 1917) In complement 
fixation tests those methyl-protems give cross-reactions with ethyl- 
proteins, but not with untreated protein, nor with nitro-, acetyl-or 
heat-coagulated proteins 

Recently Hopkms and WonnaU (1933) have introduced a new 
method of introducing " determinant groups ”, carrying a new 
immunological character, into proteins, which involves less violent 
treatment — the reaction of free — NH^ groups of protems with 
phenyl-iso-cyanate, forming a substituted urea 

RCH2-f-0=C=NQH5 -> RCHj 

I I 

NHj NH C— NH CjH, 

II 

O 

The reaction has the advantage that it can be earned out at pH 8 
Although the substitution of ammo groups was not complete the 
cross-precipitm reaction with untreated protem was much reduced 
Precipitate formation by the compound with its antiserum was m- 
hibited by similar compounds of phenyl-iso-cyanate with lysme or 
e-ammo-«-hexoic acid , the phenyl-iso-cyanate compounds with 
other ammo-acids were less effective (Hopkms and WormaU, 1934) 
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Antisera to antigens formed by the action of phenyl-tso-cyanate on 
proteins 

Protein — C — NH CgHj 


O 


reacted weakly with test antigens formed by couplmg diazotized 
anilme to protems (Protem — N=N — CgHg) The two t3rpes of 
antigen differ in the site and mode of attachment of the foreign 
benzene ring (Table XI, Mutsaars and Grdgoire, 1936) 

Gaunt, Higgms and Wormall (1935) mtroduced another method 
of attachmg new groups to protems, without drastic treatment at a 
hydrogen ion concentration near neutrality, through the action of 
benzyl-carbonyl chloride The antisera obtamed by immunizmg 
with the product are specific for the altered protem 
Formaldehyde acts on free — NHj groups 


-NHj-|-2H CHO = -NHa (H CHO)^ 

Von Eisler and Lowenstem (1912) found that protem, so treated, 
behaved as untreated protem both m precipitin and anaphylactic 
reactions Landstemer and Lampl (1917, a) obtamed similar results, 
treated protems retamed their species specificity However, 
Horsfall (1934) found that antisera to formaldehyde-treated 
proteins would form precipitates with formaldehyde-treated proteins 
of other species , but with these heterologous antigens the titre was 
much lower Precipitate formation was not inhibited by formalde- 
hyde-treated ammo-acids Anaphylactic shock was produced m 
guinea-pigs, passively sensitized by formaldehyde-treated protems, 
both by injection of homologous protem, untreated with formalde- 
hyde, and of heterologous protein treated with formaldehyde 
Horsfall used smaller quantities of formaldehyde than did Land- 
stemer and Lampl, but allowed the reaction to go on for a longer 
tune The contrast between treatment with formaldehyde and other 
treatments such as that with phenyl-jso-cyanate remams, although 
this work of Horsfall makes it less strikmg 

Blumenthal (1936) found that when serum albumin was reduced 
by thioglycollic acid the product did not precipitate all the antibody 
from an antiserum to untreated serum albumin , re-oxidation with 
hydrogen peroxide did not affect the amount of antibody precipitated 
by this reduced albumm On the other l^and, reduction of egg 
albumm with thioglycollic acid did not affect its serological behaviour 
This IS correlated wth the fact that serum albumin contains disulphide 
(— S— S) groups which can be reduced to sulphydryl (— S— H) groups 
by thioglycollic acid, whereas undenatured egg albumm contains no 
such reducible groups The essential change produced by this 
reduction of serum albumm might be a loosening of the bonds 
between contiguous peptide chams or lammae which are held 
together by — S— S— groups 

In the haemoglobms we have examples of natural proteins which 
ha\’e a common non-proteih group attached to different protem 
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fractions The immunological character of the protem (globm) is 
altered thereby, for haemoglobm and globm, although they give 
cross-reactions are not irtununologically identical (Hektoen and 
Schulhof, 1927) ^ But the haemoglobms do not show a common 
immunological character due to the prosthetic group Also the 
reaction between a haemoglobin and its antiserum is not inhibited 
by haematm (Heidelberger and Landstemer, 1923), which might be 
expected to act as a simple haptene , and antisera to haemoglobm 
give precipitates with methaemoglobin, carboxyhaemoglobm, and 
sulphaemoglobm m the same titre, m spite of the change m the 
prosthetic group It appears that the prosthetic group does not give 
globm a " determinant group " specificity This may be due to the 
small number of such groups present One haemoglobm molecule 
contams four prosthetic groups, while some twenty active groups per 
molecule may be introduced by the azo-method 

B Natural Protein Antigens 

Any theones which may be advanced to account for the interaction 
of antigens and antibodies must be compatible with the known facts 
concerning the immunological charactenstics of naturally occurring 
proteins There is no evidence that such proteins contain character- 
istic " determinant groups ” such as those introduced in the artificial 
antigens we have been considermg They appear to differ m the 
proportions and arrangements of the amino-acids of which they are 
built and the consequent structural differences 

In some cases protems derived from different species which have 
similar physical properties and chemical constitution may appear 
identical immunologically The globulms obtamed from cantaloupe 
seeds and squash seeds have similar crystal forms and optical proper- 
ties , the elementary analyses, content of amino-acids and partitions 
of nitrogen by the van Slyke method, agree very closely They are 
indistinguishable by the anaphylaxis reaction (Jones and Gersdorff, 
1923) But more delicate methods may reveal immunological differ- 
ences between proteins which were supposed to be identical Thus 
Dakin and Dale (1919), usmg the isolated guinea-pig uterus method, 
were able to demonstrate a difference between the albumins of hens’ 
and ducks’ eggs, although previously they had been found identical 
by both precipitm and anaphylactic reactions Also Hooker and 
Boyd (1936) showed that hen egg albumin would precipitate 0 39 mg 
of antibody N from 1 c c of anti-hen-egg-albumin serum whereas 
duck egg albumm would only precipitate 0 067 mg 

With other protems immunological differences can be readily 
detected between samples from different species Fibrmogens derived 
from various mammals give cross-reactions , but the antiserum to a 
fibrinogen from any species gives a precipitate with fibunogen from 
this species in higher dilution than with the fibnnogen of another 

1 The discrepant results of Ottensooser and Strauss (1928) may be ascribed 
to the use of denatured globm 
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species (Hektoen and Welker, 1927) Thyreoglobulm (Hektoen, 
Fox, and Schulhof, 1927) and lens protein (Hektoen and Schulhof, 
1924) behave m the same way Species differences between serum 
proteins are more striking Cross-reactions are obtained m the pre- 
cipitm reaction between preparations obtained from closely related 
species , even between far separated species such as horse and man, 
if strong antisera are used undiluted But quantitative differences 
are always demonstrable , and cross-reactions, even between the 
serum proteins of fairly closely related species such as ox and horse, 
do not appear to occur m anaphylactic reactions However, these 
proteins are distinguishable by such analytical methods as the par- 
tition of nitrogen by the procedure of van Slyke (Hartley, 1914, c , 
Crowther and Raistnck, 1916) ^ 

Ha.emoglobin is another example of the relative nature of species 
specificity Heidelberger and Landsteiner (1923) found cross- 
precipitm reactions, other than a minimal trace, only between the 
haemoglobins of closely related species, e g horse and donkey But 
they found evidence of a relationship between haemoglobins of 
different origin by means of the inhibition reaction , the formation of 
a precipitate by horse haemoglobin and its antiserum was inhibited 
almost completely by excess of dog haemoglobin Hektoen and Boor 
(1931) have shown that some antihaemoglobin sera will give precipi- 
tates with haemoglobin from a wide range of species, when used 
undiluted, although when diluted one-third they give precipitates 
only with the homologous antigen 

Investigations by the method introduced by Dakm and Dudley 
(1913) suggest that the immunological differences between protems 
of apparently similar constitution are due to different arrangements 
of the constituent ammo-acids m the molecules The principle of the 
method is to keep the proteins in N/2 alkali at 37° C for about three 
weeks By this time the optical activity of the protein is found to 
have been greatly reduced, and on hydrolysis certam of the amino- 
acids are found to be no longer optically active (have been racemized) 
The theory is that only those ammo-acids which are situated at the 


1 It was suggested by Rimington (1929) that the carbohydrate fraction 
of serum protems might play some part m determining their immunological 
character This carbohydrate, however (glucosamine-dimannose, Rimington, 
1931), appears to be present both in albumin and globulin, and in the proteins 
of the sera of different species It does not give precipitate with antisera 
to horse-serum globulin, nor inhibit precipitate formation by such sera and 
horse-semm globulin A carbohydrate obtained from egg albumin by 
Rimington's method did not react with a strong anti-serum to egg albumin 
(Ferry and Levy, 1934) Sevag and Seastone (1934) obtained a carbohydrate 
from egg white This carbohydrate did not form a precipitate with an anti- 
serum to egg white, which formed a precipitate with egg albumin at a dilution 
of 1 /200,000 Nor did it inhibit the formation of a precipitate by this serum 
and egg white or the protein fractions of egg white However, mjection of 
0 5 mg of this carbohydrate caused anaphylactic shock in guinea-pigs 
sensitized with egg white It appears that this carbohydrate may act as an 
antigen, but is not concerned in the immunological behaviour of the egg 
protems. 
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ends of the peptide chains resist this change , this has been deihon- 
strated by Levene, Steiger, and Marker (1931) and Levene and Steiger 
(1932) working with polypeptides If therefore m two proteins, so 
treated, different amino-acids are found to have resisted racemization, 
it is inferred that the arrangement of ammo-acids m the chams of 
the two differ Actually definite differences were found m this way 
between the crystalline egg albumin of hens’ and ducks’ eggs (Dakin 
and Dale, 1919), which can be distinguished by the anaphylactic 
reaction, and by quantitative precipitin reactions Similar differences 
were also found by Dudley and Woodman (1915) between caseinogen 
of cow and sheep milk These two again cannot be distinguished by 
precipitin reactions or anaphylaxis as usually performed, but the more 
delicate form of anaphylactic reaction has not been tried 

It is probable that the theory of this method is not so simple as 
given above Long exposure to alkali splits up the protein wth 
evolution of ammonia It is also hardly conceivable that 85 per cent 
of the leueme, nearly all the proline, and the greater part of the 
alanine, arginine and histidine all occupy terminal positions in peptide 
chains in duck egg albumin, as would be the case according to the 
theory and the results of Dakin and Dale Nevertheless, if the 
results are constant, differences found by this method must be evi- 
dence of differences of structure m proteins m which no difference 
could be detected by other methods It is probable that such 
differences also exist between the serum proteins of different 
species 

Taking into consideration the importance of the terminal amino- 
acid in the experiments of Landsteiner and van der Scheer (1932) 
already mentioned, in which peptides were introduced as ” deter- 
minant ” groups, It appears probable that the immunological 
character of natural proteins is determmed by the arrangement of 
amino-acids on the surface of the molecule It may be either that 
individual acids act as " determinant groups ”, m which case the 
character would depend on their distribution on the surface, or tfint 
several may together form an “ active patch ” with a characteristic 
spatial distribution of inter-molecular forces Such a patch might 
be more or less completely altered by the molecular i earrangements 
taking place in' denaturation 

Since most of the modifications of protein which have been found 
to alter its immunological character (e g addition of halogens, nitra- 
tion, formation of azo compounds) have affected the benzene nngs, 
tyrosine has been regarded as playing an especially important part 
m determming the immunological character of proteins It is very 
possible that tyrosine with its stable nng and polar —OH group is of 
more importance than the aliphatic amino-acids But the modifica- 
tions m question must alter the structure of the protein considerably, 
apart from the effects on the benzene rings, and the observa- 
tions of Hopkins and Wormall (1933) show that the immunological 
character of a protem may be altered by a process that does not 
affect the benzene rmgs 
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In connexion with the " specificity " of proteins it may perhaps be 
claimed that over-much stress has been laid on the “species" aspect of 
immunological characters It suggests that chemically different pro- 
teins of the same species may have some immunological characters m 
common There is no evidence of this Thus fibnnogen (Hektoen and 
Welker, 1927), serum globulm, and serum albumin, which differ 
chemically, do not give cross-reactions by either the precipitm test 
(Hektoen and Welker, 1924) or by anaphylaxis (Dale and Hartley, 
1916) Egg white has been shown to contain four immunologicaUy 
distmct protems besides conalbumm, which appears to be identic^ 
with serum albumm (Hektoen and Cole, 1927, 1928) , and mdk three 
besides lactoglobulin, which appears to be immunologicaUy identical 
with serum globulm (WeUs and Osborne, 1921) Chemical differences 
(Table XIV) between the milk proteins, caseinogen, lactalbumin, and 

Table XIV 


Dzamino and cystine N of various proteins, estimated by the 
van Slyke method, as per cent of total N 



j Argtntne 

[ Htshdme 

1 Lystne 

1 Cystine 

Caseinogen^ 

7 51 

4 24 

7 86 

1 95 

Lactalbumin* 

7 27 

4 20 

13 08 

2 34 

lactoglobulin^ 

10 94 

4 24 

9 16 

1 85 

Ox-serum albumin’ 

10 4 

6 7 

16 3 

3 5 

Horse 

10 0 

6 1 

16 0 

3 1 

Ox-serum pseudoglobulin^ 
a 

10 56 

3 70 

8 16 

1 82 

' 10 s 

4 B 

9 6 

1 9 

Horae ,, ’ 

B 9 

5 8 

9 8 

1 7 

Ox-serum euglobulin^ 

10 B1 

3 78 

8 13 

2 02 

a 

11 6 

3 8 

9 2 

2 0 

Horse ,, ■ 

B 5 

5 0 

9 9 

1 7 

Fibnn" 

13 9 

r4 8 

13 4 

11 5 

2 6 

Haemoglobin’ 

8 1 

8 8 

12 0 

0 0 

Thyreoglobulin “ 

16 4 

11 6 

4 3 

0 97 

Cantaloupe seed globulin’ 

28 4 

6 2 

J 4 

0 78 

Squash ,, ,, • 

27 5 

6 7 

3 85 

0 79 


^ Crowther arid Raistrick (1916) * Plimmer and Rosedale (1925) 

* Hartley (1914, c) ® Eckstein (1926) 

’ Mitchell and Hamilton (1920) * Jones and Gersdorfi (1923) 


lactoglobulin are shown by the van Slyke method (Crowther and 
Raistrick, 1916) Thyreoglobulm, lens proteins, and haemoglobin are 
immunologicaUy different from serum protems 

Block and his colleagues (1934), have suggested that a common 
feature of similar proteins m different species is the ratio of 
the constituent basic ammo-acids to one another Thus iron, 
arginine, histidme and lysine, expressed m terms of molecules occur m 
the ratios 1 3 8 9m horse, sheep and dog haemoglobin , whereas the 
ratio iron cystine vanes widely in the haemoglobins This common 
feature may account for cross reactions , while the diversity in other 
respects accounts for species differences 

It was pomted out m the first chapter that if the ammo-acids m 
protems are arranged m a regular fashion there must be nodes or 
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patches in which certain amino-acids recur together. These "two 
schemes may be represented diagramaticaUy as ABCDE ABF 
ABCG ABDH ABCK ABL ABCDEM ABN and 


E 

E 

L B ^ ® A F 

Q B ^ ® A M 

A B 

_ A ^ B 

BC^ °CA 

BC^ ^CA 

K Ab A^ G 

P AbaBn 

H 

0 


It may be supposed that such localised recurring groups of ammo- 
acids form the determinant groups of natural protems comparable 
to the ammo-acids in the polypeptide antigens of Landsteiner and 
van der Scheer (1934, b) If the protem molecules have thelammar 
structure suggested by Wrinch (1937) proteins would also be differ- 
entiated by the special arrangement of such groups relative to one 
another and by the distribution of —OH and side chams of ammo- 
acids on the sides of the molecule 

Supposing that such groups of amino acids form the determinant 
groups of natural proteins it might be hoped that a precipitation 
reaction, m which the antigen was a protem, might be inhibited by 
by-products of digestion of proteins by enzymes (cf the inhibition of 
the reaction of S S S III with the homologous serum by breakdown 
products of S S S III, Heidelberger and Kendall, 1933) Landstemer 
and colleagues (1930-1931, 1932-1933) did not obtain such inhibition 
with the usual anti-protein] sera But when heteroalbumoses, 
obtained by peptic digestion, were used for immunization, antisera 
were obtamed which gave precipitates with these heteroalbumose 
fractions and with the unchanged protein The formation of these 
precipitates was mhibited by albumose fractions which themselves 
gave no or very slight precipitates with the sera, and would pass 
through a collodion membrane 

We may here revert to the question of the presence of separate 
fractions eu- and pseudoglobulm in untreated serum Hams and 
Eagle (1935) immunised rabbits with untreated human and horse 
serum There was evidence that m the sera of these rabbits there 
were separate antibodies to euglobulin (precipitable by 33 per cent 
saturation with ammonium sulphate and water msoluble) and 
pseudoglobulm (not precipitable by 33 per cent saturation and 
water-soluble) When the rabbit sera were exhausted of antibody 
to horse or human euglobulin by repeated addition of euglobulin, 
they would stdl give precipitates with horse or human pseudo- 
globulin, and vice versa These experiments suggest that there are 
present m the globulin of untreated serum separate fractions 
correspondmg to eu- and pseudo-globuhn, which act as antigens and 
give rise to distmct antibodies, even though they may not differ m 
particle size. 
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Denatured Proteins 

The immunological character of protems may he altered by the 
processes classed as denaturation Wu, Ten Broeck and Li (1927) 
have shown that, when egg albumin was denatured by heat m neutral, 
acid or alkaline solution, by acid, alkali or alcohol, the products were 
partially equivalent They stiU might give some degree of cross- 
reaction with antisera to the native protein The change by heat is 
a gradual one , the ability to give a precipitate with antiserum to the 
natural protein gradually disappears as the time or temperature of 
heating is increased (Furth, 1925, 1926) Spiegel-Adolf (1926) has 
confirmed the observation of Obermayer and Pick that a heat- 
denatured protein would inhibit the formation of a precipitate by 
natural protein and its antiserum, though the denatured protein 
would no longer give a precipitate with this serum 

Denatured proteins do not gam a new group character , e g heat- 
denatured horse-serum protems will not give cross-reactions with 
heat-denatured chicken-serum protems 

The change m immunological character is not due to loss of an 
essential constituent, for Spiegel-Adolf (1926) found that the heat 
denaturation of serum albumin can be reversed, and that the re- 
covered albumin is immunologically identical with the natural 
albumin Similar reversal of denaturation was also claimed by 
Anson and Mirsky (1931), and Miller (1933) found that the reversed 
protein did not differ in serum reactions from native protein These 
experiments have been criticized by Hewitt (1934), who considers 
that all the protein is not denatured by the procedure used by Anson 
and Mirsky, and that the “ reversed protein ” is merely undenatured 
protein which has been separated from the denatured fraction 

The rearrangement of the protein molecule from a structure such 
as Wnnch’s cyclol to a fibrous structure, as indicated by Astbury’s 
work (see Chap I), would involve a complete change m the spatial 
distnbution of the groups of ammo-acids, which it is suggested act 
as determinant groups, sufficient to account for a fundamental 
change of immunological character As suggested m Chapter I 
there may be different degrees of denaturation, depending on the 
degree to which peptide chams have become straight and parallel , 
both the degree of immunological change and of irreversibility may 
depend on the extent of this process 

C PoLYSACCHASIDES ^ 

One of the stnking developments of recent work m immunology is 
the discovery of numerous polysaccharides which react spiecifically 
with appropriate antisera Many of these give precipitin reactions in 
such extreme dilutions that it is most unlikely that the reactions are 
due to a contammation A few have been so highly purified and 
subjected to such vaned manipulations, without effectmg their im- 
munological-character, that such a supposition is out of the question ; 
this IS particularly the case with the specific soluble substance of 
Type III pneumococcus (S S S III) 
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In the case of five polysacchandes, S S S III, S S S VIII,* the 
purified polysaccharide of gum acacia, the polysaccharide of 
Fnedlanders’ bacillus (T 5 rpe A) and the gum of Penicilhum luteum — 
the structure has been worked out sufficiently for it to be possible 
to relate this to their immunological behaviour The first of these, 
S S S III, IS built up of aldobiomc acid molecules united by a 
glucoside hnk ^ These aldobiomc acid molecules consist of one 
molecule of glucuronic acid and one of glucose, united by a glucoside 
Imk involving the reducing group of the glucuronic acid (Heidel- 
berger and Goebel, 1927) This is attached to the No 3 or 6 carbon 
atom of the glucose These aldobiomc-acid molecules are joined 
together by a glucoside link involving the reducing group of the 
glucose , the — COOH group of the glucuronic acid is left free 

The aldobiomc acid of S S S VIII is identical with that of 
S S S III (Goebel, 1935) But the polysaccharide S S S VIII is 
not made up wholly of aldobiomc units, as it contains glucose which 
is set free before the aldobiomc acid is hydrolysed 

1 It has been shown that in the stable form of the aldo-hexoscs (glucose, 
mannose, and galactose, for example) the first five carbon atoms together 
with an oxygen atom form a hexagonal nng The molecule is convemently 
represented as, for example, glucose 



H OH 


The ring is supposed to be at right angles to the plane of the paper , the thin 
bonds of the ring being behind the plane of the paper and the thick bonds 
in front 

These hexoses can combine with an alcohol by elimination of one molecule 
of water from the —OH group attached to the No 1 C atom of the hexose 
and the — OH group of the alcohol, forming a hexoside (glucoside, galacto&ide, 
&c , as the case may be) The reducing power of the hexose depends on the 
— OH group of the No I C atom , this group is blocked in a hexoside and 
will not reduce Fehling’s solution unless the hexoside is hydrolysed The 
second alcohol may be another hexose as in lactose 



With the orientation of the galactose molecule shown in the figure, when the 
O atom of the hexoside link is below the plane of the ring the compound is 
called an a-hexoside , when this O atom is above this plane the compound 
IS called a ^-hexoside A series of hexose molecules may be linked in this 
way forming a long chain Cellulose consists of chains of 100—200 glucose 
molecules united in this way Heidelberger and Kendall (1932) suggest that 
S S S III contains twelve aldobiomc acid units similarly united 

Acids formed by oxidation at the No 6 C atom of hexoses to — COOH are 
called hexuronic acids (e g glucuronic, galacturomc] 
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Flom gum acacia a polysacchande can be prepared which gives a 
precipitate, m extreme dilution, with antisera to Type II and 
T}^ III pneumococci (Heidelberger, Avery, and Goebel, 1929) On 
hydrolysis of this polysacchande an aldobionic acid is obtamed 
composed of glucuronic acid and galactose (Heidelberger and KendaU, 
1929, b) , the structure, accordmg to Challinor, Haworth, and Hirst 
(1931) and Hotchkiss and Goebel (1936), is that shown below 
(galactose-6-[3-glucuronide) This aldobionic acid is hydrolysed 

®COOH 


Glucuronic acid Galactose 

more easily than that of S S S III , this suggested that the glucoside 
hnk was not attached to the same atom of the hexose m the two acids. 
Hotchkiss and Goebel (1936) have synthesized the heptacetyl 
methyl ester of the acid m which glucuronic acid is attached to the 
No 6 carbon atom of glucose (gentiobiuronic acid) , this differs from 
the heptacetyl methyl ester of the aldobionic acid prepared from 
S S S III in melting point and optical rotation The cross-reaction 
of the polysacchande of gum acacia with S S S III serum, is 
presumably due to glucuronic acid similarly attached m the two 
polysaccharides 

The polysaccharide of Fnedlander’s baciUus (Type A), besides other 
constituents, yields an aldobionic acid on hydrolysis , the — COOH of 
this acid IS free in the polysacchande This aldobionic acid, although 
composed of glucose and glucuronic acid differs from that of S S S III, 
its rotary power is higher and it is more easily hydrolysed (Goebel, 
1927) It must be assumed that the reducing group of the glucuronic 
acid IS attached to a different C atom of the glucose This polysacchar- 
ide is unmunologicaLly distinct from that of Types B (Julianelle, 1926 
= Type E of Avery, Heidelberger, and Goebel, 1925) and C of 
Fnedlander’s baciUus , also from S S S II, which, however, gives 
cross-reactions with the polysaccharides of Type B 

The fourth polysaccharide of which the structure is known is luteic 
acid, which Raistnck and Rmtoul (1931) obtamed from Pencilhum 
luteum It IS built up of units, each of which is composed of two 
molecules of glucose and one molecule of malonic acid The glucose 
molecules are jomed by a glucoside hnk, the malomc acid formmg an 
ester with one of them The glucose molecules of the units apparently 
form a chain, connected by glucoside Imks, the remammg —COOH 
group of the malonic acid being free, The attachment of the acid 
in this polysacchande differs from that of the glucuronic acid m the 
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three others considered, and resembles that of phosphoric acid to 
pentose in nucleic acids, and of sulphuric acid in chondroitm and 
mucoitm sulphuric acids 

Many, but not all, of the polysaccharides studied contam uronic 
acids, the — COOH groups of which appear to be free These uronic 
acids unquestionably play an important part in detetmmmg the 
immunological behaviour comparable to the predommant effect of 
acids already noted This is obvious in the case of S S S III and 
S S S VIII, m which the presence of the same aldobionic acid m 
both gums gives rise to a strong cross-reaction (Goebel, 1935) Also 
in the case of the gums (acacia, cherry, mesquite, see Table XV), 
which give precipitates with Type II antipneumococcal serum 
Marrack (1936) , formation of these precipitates is inhibited by 
glucuronic acid salts, not however by salts of galacturonic and 
mannuronic acids Also, agam, in the formation of precipitates by 
glucuronic acid compounds coupled with protein when these are 
mixed with Type II (Woolf, Marrack and Dowme, 1936, and Goebel, 
1936, a and b), and Type III and VIII serum (Goebel, 1936, b) 
Chow and Goebel (1935) found that esterification of the uronic acid 
of S S S I abolished its reaction with Type I antipneumococcal sera 

The cross-reactions that occur among these polysaccharides is well 
accounted for by the presence of common features The work already 
quoted on the effect of structural difference on the specificity of 
synthetic antigens which contain sugars gives an indication of the 
types of difference in polysaccharides which may be expected to give 
nse to differences in immunological behaviour S S S III and 
S S S VIII differ in the spacing of the determinant aldobionic 
acid groups Gum acacia differs from S S S III, not only m this 
spacing and in the presence of galactose m place of glucose, but also 
in the point of attachment of the glucuronic acid to the hexose — a 
difference comparable to that between maltose and gentiobiose 

A possible further source of such differences may be sought m 
substitutions of atoms in the sugar units of the polysacchandes For 
example, an acetyl can be mtroduced mto the glucose of the /9-glu- 
coside synthetic antigens, as already described With antisera to 
the non-acetylated compound the non-acetylated forms more 
precipitate than does the acetylated compound and vice-versa 
(Goebel, Babers and Avery, 1934) This is m accord with the 
behaviour of natural S S S I containmg acetyl groups, and of the 
same polysacchande from which acetyl groups have been removed by 
treatment with alkali as m the earlier methods of preparation 
(Avery and Goebel, 1933) Heidelberger and Kendall (1935, b) found 
that, when methyl groups were mtroduced mto S S S III, the 
product precipitated only part of the precipitm for S S S. Ill m 
Type III anti-pneumococcal sera 

It IS surprising that other substitutions should not have more effect 
on the specificity of the products Chow and Goebel (1935) found 
that the derivatives of S S S I in which a methyl group was substi- 
tuted on the primary ammo as well as a methoxy group covering a 
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hydroxyl group, still reacted readily with antiserum to Type I 
pneumococcus In the process of making a synthetic antigen 
contammg S S S III and protem, Goebel and Avery (1931) prepared 
the mono-nitro-benzyl ether of S S S III, the correspondmg ammo 
compound, and coupled this ammo compound with horse globulm 
These compounds reacted with T5^e III antipneumococcal serum 
as though the reactivity of the S S S III contained was unaffected 
It should be noted that such cross-reactions between substituted 
S S S III and S S S III are not comparable to cross-reactions 
between synthetic glucoside antigens, m all of which the substitution 
IS at the No 1 C atom These reactions of glucoside antigens with 
the corresponding sera are not inhibited by unsubstituted glucose 

D Lipins 

The part played by lipins m immunity reactions is of considerable 
practical importance , but the study of the relation of the immunity 
reactions of the substances grouped under this heading to chemical 
constitution is much more difficult than in the case of proteins and 
polysaccharides Lipms usually occur in mixtures and are exceed- 
ingly difficult to separate and obtam pure Some indication of this is 
given by the fact that m the purified lecithms used by Levene, 
Landstemer and van der Scheer (1927) the ratio of nitrogen to 
phosphorus varied by as much as 20 per cent from the theoretical 
value Most commonly the highly unsatisfactory complement fixation 
reaction is employed, and when flocculation reactions are obtained it 
is highly uncertain, owing to the fact that the lipins do not form true 
solutions, whether hpm that is found m the precipitate is the actual 
antigen or merely carried down with a precipitate formed by some 
other substances , as, for example, cholesterol is carried down with the 
precipitates formed by protem antigens and their antibodies, or 
by diphtheria toxin and antitoxin 

It IS obvious that among the very varied substances grouped as 
hpms there are adequate chemical differences to account for differ- 
ences of unmimological behaviour Even among substances of the 
same class such as the lecithms there is considerable variation m the 
fatty acids of the molecules It is unlikely that immunological 
methods would distmguish between the saturated fatty acids of 
higher molecular weight, smce the lower acids, when attached to 
protems, give cross-reactions But it is more possible that acids of 
various degrees of unsaturation (such as oleic Imoleic 

CigHjjOj, hnolenic Cj^gHg^Oj, and arachidonic CggllggOg) present m 
lecithins should differ immunologicaUy between themselves and from 
the saturated acids Also the phosphoric acid of lecithm may be 
attached to a termmal carbon atom of glycerol (a form) as m bram 
lecithm, or to the middle carbon atom (|8 form) as m egg lecithm 
(Rae, 1934) Apart from these differences between the mdividual 
hpms, the mteraction between cholesterol and lecithin or fatty 
acids (Leathes, 1925 ; Adam and Jessop, 1928) suggests the possibility 
that hpm complexes may be formed with immunological characters 
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Cross Reactions 

Precipitate with anti- 
sera to Pneumo 
coccus Type VIII 
under 1/50,000 

Precipitate with anti- 
sera to Pneumo- 
coccus Type III to 
1/4,000,000 

1 

TUre 

with 

homologous 

serum 

1/6,000,000 

1/2,000,000 

1/8,000,000 

1/2,000,000 

Constituents 

identified 

Aldobionic acid 

(glucose and glu- 
curonic acid) 

Uronic anhydride 51 
per cent 

Ammo sugar 

Glucose 

Acet> 1 

Glucose, 7 Mols 
Aldobiomc acid (glu- 
cose and glucuronic 
acid), 2 Mols 

Ammo sugar deriva- 
tive 

Acetvl 

Phosphonr acid 

Glucose, 1 Mol 
Aldobiomc acid, 1 Mol 
A dissacchande, 1 Mol 

Reducing 
power on^ 
hydro- 
lysis as 
glucose 
per cent 

84 

71 

76 

65 

K 

0 Oft 

5 5 

Acetylated 
ammo N 

0 

6 1 

1 Acetylated 
j ammo N 
! 3 7 

Free 
ammo N 

0 9 

0 0 


^ o 

1/5 qO 

S 

U 2 

K 

^ 1/5 

CC 05 

Cl S»5 

31. 

■s i~ 

S £ 

330 to 
350 

1,550 

1 

750 

1,050 

430 

■« 

O a ° 0 

rn 2 C'l o 

7 + + '+ 7 


Pneumococcus , Type 1 
III 

(Heidelberger and 

Goebel. 1927 , Hei- 
delberger, Kendall 
and Scherp, 1936 ) 

Pneumococcus , Group 
IV, Type IV 

(Heidelt^rger and 

Kendal, 1931) 

Pneumococcus , Type 
VIII 

(Goebel, 1935 ) 

Pneumococcus , species 
specific 

(TiUet, Goebel and 
Avery, 1 930 ) 

Fnedl&nder , Type A 

(Goebel, 1927 ) 



Fnedlander, TypeB +100° 680 44 6 6 1 0 0 70 Glucose 1/2,000,000 Precipitate with anti- 

(Goebel, 1927 ) Aldobionic acid sera to Pneumo- 

coccus Type II to 

1/2,000,000 

Fnedlander^ Type C +100° 680 0 0 70 Glucose 
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Tubercle bacillus , Inosite *1 equal 

humau pol3r5aC'- Mannose J parts 

chande of phospha- 
tide Other sugars 

(Anderson, 1932) 
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diffefent from those of the constituent fractions , although the work 
of Hughes (1935) mdicates that the mteraction on surfaces is merely 
the result of the effect of cholesterol on the orientation of lecithm 
The most impoftant work that has been done with isolated hpins is 
that done with synthetic distearyl lecithm and with sterols, smce 
these substances may be regarded as pure 

Weil and Besser (1931) found that distearyl lecithm gave rise to 
antibodies when mjected with pigs’ serum ^ The synthetic lecithm 
IS an a-compound (Grun and Limpacher, 1926) The sera obtamed 
gave moderate complement fixation with distearyl lecithm , only very 
weak cross-reactions were obtamed with Merck’s lecithm Maier 
(1933), however, did not find such a clear distinction between these two 
antigens Levene, Landstemer, and van der Scheer (1927) mjected 
five rabbits with purified egg lecithm , the serum of only one of these 
reacted with the antigen and this one but feebly These sera, however, 
gave weak complement fixation reactions with Merck’s lecithm , this 
was not accounted for by the cholesterol in the Merck’s lecithm, for 
the purified lecithms did not fix complement even when cholesterol 
was added Injections of Merck’s lecithm produced antisera which 
gave good flocculation and complement fixation reactions with 
Merck’s lecithm (as had been found by Sachs and Klopstock, 1925) but 
not with purified lecithm Other attempts to obtain antisera to 
purified lecithms have proved unsuccessful , (e g Plaut and Rudy, 
1931-1932, brain lecithin, and Kimizuka, 1935, egg lecithm) It 
appears therefore that purified lecithms mixed with serum are 
weakly antigenic, and that different lecithins show differences of 
immunological character, but these differences are not sharp 
Ornstem (1926) also mjected rabbits with cephahn (which differs 
from lecithm in the nature of the nitrogenous base) and cerebrosides 
(which contain a different base, sphmgosin, galactose and only one 
fatty acid residue) , and obtained sera which gave complement fixation 
specifically with the corresponding antigen No details of the prepara- 
tion and punty of the lipin preparations are given 

It IS possible that the compounds involved when tissue extracts 
and impure preparations are used for immunization are more 
complex than lecithin Tropp and Baserga (1934) found that 
combmation immunization with a polydiammo phosphatide ob- 
tamed from spleen, produced sera which -would fix complement m 
the presence of only 3 3y of the hpm antigen This lipin is made up 
of three sphmgomyelm molecules, each containmg a different acid 
radicle — palmityl, stearyl and lignoceryl Sphingomyelin resembles 
lecithm m containmg phosphoric acid and choline , but m place of 
glycerol it contains a base, sphmgosme, to which is attached a fatty 
acid radicle The antisera reacted with the polydiammo phosphatide 
from liver, but not with sphmgomyelm, cerebron, lecithm, heart 

* It IS necessary to add some protein solution, preferably pig serum, to 
hpin suspensions, before injection, in order to produce antibodies It should 
be understood that the procedure was used in the immumzation procedures 
mentioned subsequently 
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extract or cholesterol Tropp and Baserga failed to obtain active 
sera by combined immunization with sphmgomyehn or cerebron, 
but the number of rabbits used was small 

Sachs and Klopstock (1925) had demonstrated the antigenic power 
of cholesterol , Weil and Besser (1931, 1932) and Berger and Scholer 
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(1932) compared the immunological properties of various sterols 
They found that cholesterol, dihydrocholesterol, oxycholesterol, and 
ergosterol produced active sera which gave complement fixation but 
no flocculation Cross-reactions of varymg mtensity were found, but 
stronger reactions occurred m all cases with the homologous antigen 
Various other sterols and sterol denvatives were tested against these 
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antfiera. Antiergosterol serum gave no reaction with irradiated 
ergosterol from which the unaltered ergosterol had been removed, but 
gave reactions with sitosterol Immunological difEerences were 
demonstrated between cholesterol and pseudocholesterol (m which 
the double bond occupies a different position), cholestan, and choles- 
terol esters showmg the importance of the presence and position 
of the —OH group , also between cholesterol and dihydrocholesterol, 
cholesterol dibromide and oxide, showing the importance of the 
double bond ^ Weil and Besser (1932) found that cholesterol oxide, 
dibromide, and esters were not antigenic Berger (1933) immunized 
with cholesterol benzoate which had been attached to protem The 
rabhit serum produced gave no reaction with cholesterol nor with 
cholesterol benzoate attached to any protem other than that used 
for immunization The failure to react with cholesterol might be 
expected as the —OH group is blocked The immunological 
behaviour of sterols, therefore, is related to the chemical structure 
in accordance with the mstances already discussed 

The whole theory of the formation of antibodies to simple hpms 
(purified lecithm, cephahn and cholesterol) has been challenged by 
Wausworth, Maltaner and Maltaner (1934, 1935, a and b) They 
maintain that the reactions obtamed are not specific and are due 
to anticomplementary action of the sera obtamed and of the hpms 
This may well be the case with the purified phosphatides Hahn 
and Hazeto (1936), however, maintain that the complement 
fixation and flocculation obtamed with cholesterol and the corres- 
pondmg antiserum is specific , that is, it does not occur with other 
hpms, and cannot therefore be due to anticomplementary action 
Antisera to organ emulsions react with alcohol extracts of organs, 
and similar antisera can be produced by the mjection of alcohol 
extracts without the addition of protem , it is therefore generally con- 
sidered that hpms are acting an antigens m these mstances with the 
adjuvant action of traces of protein m the extracts However, these 
organ emulsions contam the debris of various cells and tissues, and can 
give little mformation on the relation of specificity to any particular 
constituent More satisfactory results are obtamed with red blood cor- 
puscles Haemolytic sera can be produced both by a protem fraction, 
and by an alcohol- and ether-soluble fraction which is generally con- 
sidered to be a lipin, but, presumably, contams traces of protem 
These " lipm ’’ antigens differ in their specific behaviour from the 
various protem antigens Instead of a gradual differentiation of 
immunological character from one species to those distantly related, 
due presumably to gradual changes of the complex protem molecule, 
sharp differences occur m related or even m the same species, and 
similarities m distantly related species (Landstemer and van der 
Scheer, 1925) The Forssman antigen is the extreme mstance of this 
This suggests that the specificity of these " lipm ” antigens is not 
determined by differences such as those considered m dealmg with 

^ The structural formulae given in Fig XVI are based on a paper by 
Heilbion, Simpson and Spring (1933) 
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natural protein antigens, but by complete differences m the deter- 
mmant molecules Similar sharp immunological differences are 
found when the specificity is determmed by carbohydrate fractions , 
as, for example, the differences between the types of pneumococci 
Of recent years evidence has accumulated which suggests that the 
active parts of these antigens actually are polysacchandes The 
active fraction of the Forssman antigen, from horse kidney, prepared 
by Landstemer and Levene (1925, 1927, b and c) appeared to contain 
a polysacchande Antisera to B dysenteriae (Shiga) haemolyse 
red blood corpuscles which contam the Forssman antigen Haemo- 
lysis of sheep’s red corpuscles by such sera is mhibited by the care- 
fully purified polysaccharide obtamed by Morgan (1931) from smooth 
strams of Shiga’s bacillus , presumably because the polysacchande 
combines specifically with the haemolysm Meyer and Morgan 
(1935) have shown that, when the ability of this polysaccharide to 
form a precipitate with anti-Shiga serum is reduced by vanous 
treatments, the ability to mhibit haemolysm is reduced to a parallel 
degree If may be inferred that the antigen m Shiga’s bacillus, 
which gives rise to the haemolysm, is this polysaccharide and that 
the active part of the Forsmann antigen is also a similar poly- 
saccharide. 

Hallauer (1934) extracted substances from human red blood 
corpuscles of group A and B which inhibited iso-agglutmation by 
« and /9 sera respectively m quantities of the order of ly The A 
substance, m quantities of the order of 0 05 y, mhibited haemolysis 
of sheep’s red corpuscles by the serum of rabbits immunized with 
human A corpuscles The similar substance from O corpuscles 
did not mhibit iso-agglutmation of either A or B corpuscles After 
hydrolysis these substances reduced Fehlmg’s solution vigorously 
They contamed about 7 per cent of nitrogen but no protem 

Unne also contains group-specific substances These have been 
purified by Freudenberg and Eichel (1934, 1935) The composition 
and activity of that from “ A ” unne is given m Table XV 
A preparation was made by Brahn, Schiff and Weinmann (1932) 
from commercial pepsin, which inhibited iso-agglutination of group 
A cells by a-antibody, and haemolysis of sheep's red corpuscles 
by anti-A rabbit serum It contamed carbohydrate and nitrogen 
The results of more complete examination of this substance by 
Landstemer and Chase (1936) and of a similar substance from horse 
saliva by Landstemer (1936, b) are given m Table XV 

Somewhat analogous to the haemolysis of sheep cells by anti- 
Shiga serum and the inhibition of this haemolysis by Shiga jioly- 
sacchande is the mhibition by acetylated Type I S S S of the 
agglutination of Group A human red cells by Group B human serum, 
and of the haemolysis of sheep’s red cells by anti-A rabbit serum 
(Witebski, Neter and Sobotka, 1935) 

It is significant that such of these substances as have been fully 
examined contam an acetylated hexosamme and galactose Removal 
of the acetyl abolishes the specific activity of the A substance from 
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unii€ (Freudenberg and Eichel, 1935) and greatly reduces that of 
S S S, I However, not only the group A substances and the 
substances which give cross-reactions with the closely related 
Forsmann antigen, but also group B and 0 substances contain 
acetylated hexosamme and galactose The specific differences 
between these polysaccharides must be due to some other part of 
their structure 

Jorpes and Norlm (1933) prepared a substance from urme which 
apparently was a protem This mhibited iso-agglutmation, but far 
larger amounts of this preparation than of the polysaccharides 
described were required to produce this effect 

Also a highly reactive polysacchande is contained m the hpm 
fraction of the tubercle baciUus (see Table XV), on which part 
of the immunological activity of the baciUus dejiends 

E Cross-Reactions 

When an animal is immunized with a mixture of molecules of 
different species its serum may contam distinct antibodies to different 
antigenic molecules contained m the complex mixture substance 
When one of these antibodies is removed by adsorption with its 
appropriate antigen, the other antibodies are left unaffected When 
what IS apparently a single molecular species is used for immuniza- 
tion the antiserum produce may react with substances which are 
not identical with that used for immunization In precipitin 
reactions, such heterologous antigens will remove part, but usually 
not aU of the antibody to the homologous antigen (Table XVI) 
In most of the instances studied the amount of antibody left, after 

Table XVI 

Amount of precipitate formed by an antiserum with homologous and 
heterologous antigens (Landsteiner and van der Scheer, 1936) 
Antiserum to m-amino-benzene-sulphonic acid coupled to horse 
serum protein 



Position of substituents 


1 NHg 
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absorption by heterologous antigen, has been measured or recoKied 
by only semi-quantitative methods, which may give confusing 
results One system m which quantitative methods were used was 
studied by Heidelberger and Kendall (1934) The antisera obtained 
by rmmumsmg rabbits with the highly coloured antigen R salt-azo- 
benzidme-azo-egg-albumm (apparently free from uncombmed egg 
albumm) formed a precipitate with egg albumm In some mstances 
egg albumm would not precipitate all the antibody to the dye 
antigen (e g only 56 per cent) This is the usual type of experience 
when such antigens are used But one antiserum was studied from 
which egg albumin, if added m sufficient amount, would precipitate 
all the antibody It is highly probable that in all these cross reac- 
tions m which a single molecular species is used as antigen, some of 
the antibody to homologous antigen is removed when an antiserum 
IS absorbed or precipitated by a heterologous antigen that gives a 
visible reaction with it , and that, m those instances m which the 
amount of antibody to the homologous antigen is reported to be 
unaffected the methods of estimation or of recording the residual 
antibody have not been sufficiently accurate to show the reduction ^ 
A special study of cross reactions has been made by Landstemer 
and van der Scheer (1936) using several synthetic antigens The chief 
pomts in their work are illustrated by Tables XVI, XVII, XVIII 
Chicken stromata, coupled with the determinant groups specified, 
were used as convenient insoluble protein compounds for absorbing 
antibodies 

Table XVII 

Effect oj absorbing a serum with heterologous antigens {Landstemer 
and van der Scheer, 1936) 

Antiserum to m-amino-benzene-sulphonic acid coupled to horse serum 
proteins This antiserum absorbed with antigens made with stromata 
of chicken red corpuscles Readings after 1 hour at room temperature 
[first line) and after standing overnight in ice box [second line) 


Serum absorbed 
with stromata 
coupled with 

i 

Precipitate with test antigens made with chicken 
serum proteins and 

n-amino- 

bemene- 

sulphomc 

acid 

m-amino- 

benzene- 

sulphonic 

acid 

m-amino- , 

henzene- 

arsinic 

acid 

m-amino- 

benzoic 

acid 

o-amino-benzene- 

o 

++± 

± 

+ 

sulphomc acid 

o 

++-i-± 

± 

-1- 

m-amino-benzene- 


-t-++ 

O 

+ 

arsimc acid 

-f- + 

-I-+++ 

O 

+± 

m-ammo-benzoic 

-l-± 

+++ 

zL 

O 

acid 

-H-l- 

++++ 

± 

f tr 

Unabsorbed 

+ -I- 
+ + + 

-i--i-+± * 
-I-++-I- 

+ 

+ i 
+ + ± 


^ For example the results marked with an asterisk is Table XVII 
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I* appears that one heterologous antigen, e g , w-ammo-benzenq^ 
arsinic acid antigen, reduces the amount of antibody to the homo- 
logous antigen and largely removes the antibody that ■will precipitate 
with another heterologous antigen Table XVIII shows that a 
heterologous simple haptene 'wdl mhibit precipitate formation with 
heterologous antigen, but wdl mhibit precipitate formation ■with 
homologous antigen to a considerably less degree The concentra- 
tions of simple haptenes required to mhibit precipitate formation 
with heterologous antigen is considerably lower than those required 
to mhibit precipitate formation with homologous antigen 

Table XVIII 

Inhibition of reaction -with homologous and heterologous antigens by 
homologous and heterologous simple haptenes {Landsteiner and van der 

Scheer, 19^) 

A ntiserum to m-amino-henzene-sulphonic acid coupled to horse serum 


Antigens made 
from chicken serum 
protein and 

m-ammo-benzene-sidphomc-acid 
[Homologous Antigen) 

1 m-amxno- 
benzene 
arsintc 

acid 

[Heterologous 

4nhgen) 

m-amino- 

benzoic 

acid 

[Heterologous 
A ntigen) 

Haptene final con- 
centration 

0 025M 


1 

0 0035M 

0 0035M 

Haptene 

2 3 4 

Control 

2 3 Control 

2 4 Control 

Precipitate in 20 
minutes 

o ++ +± 

+-I- 

+ 

+ 

o 

+ 

O 

Precipitate in 24 
hours 

+ ± + + + 

+-t--(-± 

± +± + + 

+ -trc -I- + 


Haptene 2 ra-amino-benzene-sulphonic acid (homologous haptene) 
S m-amino-benzene-arsinic acid 
4 m-ammo-benzoic acid 


Further examples of the mhibition of reactions of antisera ■with 
homologous and heterologous haptenes are found in the work of 
Avery, Goebel and Babers (1932) on glucosides (Table XII) and the 
more complicated work with disacchandes (Table XIII) of Goebel, 
Avery and Babers (1934) It might be suggested that these more 
complicated results might be the result of the presence m the serum 
of different antibodies to different parts of the determinant 
disacchande group Thus the maltoside antiserum might contain 
separate antibodies to the termmal a-glucoside and the sub-termmal 
/9-glucoside, and the cross reaction of the antiserum with the 
ceUobiose antigen be a reaction of the ^-glucoside antibody with 
this ^-glucoside (m common) and possibly of the antibody to the 
a-glucoside with part of the termmal glucose If this were the case 
neither a- nor ^-glucoside haptenes should wholly inhibit the pre- 
cipitation of this serum ■with ceUobiose , the ^-glucoside haptene 
should inhibit only the reaction ■with the one antibody and the 
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a-glucoside that with the second , neither should inhibit the reaction 
completely, as actually pccurs (Table XIII) Also the ^-glucoside 
haptene should inhibit the reaction of the one antibody and the 
a-glucoside haptene the reaction of the second with the maltose 
antigen. So that one or other or both these glucosides should 
considerably reduce the amount of precipitate formed by the anti- 
serum and the maltose antigen This apparently does not happen 

Agam, as Landsteiner and van der Scheer (1936) pomt out, the 
antiserum to iw-ammo-benzene sulphonic acid might be supposed to 
contam antibodies [a) to an aromatic sulphonic acid and (6) to a 
benzene rmg substituted by an acid in the meta position On this 
supposition it would be the antibody (b) that would react with 
both wi-ammo-benzene-arsinic acid and m-ammo-benzoic acid 
antigens Absorbmg the antiserum with »j-ammo-benzene-arsmic 
acid stromata should completely remove the antibody that forms 
a precipitate with j^-ammo-benzoic acid antigen , actually this is 
not the case (Table XVII) 

The experiments quoted (Table XVII) show that the reaction of 
antiserum with heterologous haptene is more readily inhibited than 
that with homologous antigen Antibody is less firmly combined 
with heterologous antigen than that with homologous antigen and is 
therefore more readily replaced by haptene Such weaker combma- 
tion IS also suggested by the cross reaction of antiserum to R salt- 
azo-benzidine-egg-azo-albumin with native egg albumin Much 
more egg albumin than azo-egg albumin was required to precipitate 
a given amount of antibody, and a certain amount of egg albumm was 
always left in solution We may therefore infer that antisera to a 
given determinant group do not contain distmct antibodies to 
different parts of the determinant group (this does not imply that 
the antibody molecules are aU uniform) and that combination of 
antibody with a heterologous determinant group is less firm than 
with the homologous determmant group 

Since a modified antigen will not. as a general rule, precipitate aU 
the antibody precipitable by the homologous antigen, the antibody 
molecules m a serum cannot be uniform Further evidence of this 
lack of uniformity is given m Chapter V m the discussion on 
quantitative aspects Burnet (1934) has suggested that antibody 
molecules may contain receptor sites (a), (b), (c), (d) corresponding 
to separate antigenic groups. A, B, C, D of the homologous antigen , 
and that these may be differently distributed on the antibody 
molecules, e g. (aaa), (abed), (acd), (be) (bbd) Only those antibodv 
molecules which contain the receptor sites (a) would be precipitated 
by a heterologous antigen which shared only the atomic group A 
with the homologous antigen The antibody molecules would 
combine more firmly with homologous than with heterologous 
antigen, owing to the larger number of bonds of union Heidelberger 
and Kendall (1934) stressed the importance of dommant antigenic 
groups m the antigen, which combine firmly with corresponding 
receptor sites on the antibody molecule, and mmor antigenic groups. 
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which combine only weakly with the coirespondmg receptors 
Morgan (1936, b) has combmed these two views , he suggests that, 
smce dominant groups are more highly antigenic, all the antibody 
molecules contain receptors (a) for a dominant group A, while fewer 
antibody molecules contam receptors (b), (c), (d), for mmor antigenic 
groups B, C, D Antibody molecules, according to this idea, would 
have receptors a, ab, abc, etc As the immunization of an animal 
was prolonged more and more receptor sites to the minor antigens 
would appear on the antibody molecules In consequence the range 
of cross reactions of the serum would be extended The strength 
of combination of a heterologous antigen with the antibody mole- 
cules would depend on the presence or absence of the firm union 
A — (a), also on the number of the weaker unions B — (b), C — (c), 
D — (d) However, this plan would not account for the failure of 
m-ammo-benzene-arsimc acid stromata to remove all the antibody 
that reacts with w-ammo-benzoic acid antiggn And, as Morgan 
(private communication) points out, it is not legitimate to regard 
separate sub-groups of atoms m a small determmant group such as 

yOH 

_N=N- / \ As=0 

\OH 

in isolation , any modification produces a change m the adjacent 
sub-groups (this point is considered more fully in the next chapter) 
In the case with which Heidelberger and Kendall (1934) were dealmg, 
the dominant and minor groups may be widely separated, and this 
concept of separate antigenic groups and receptors may be justifiable 
But, when the antigenic sub-groups are not thus separated, it 
seems more satisfactory to suppose that the antibody molecules in 
any antiserum differ in the completeness of the adaptation of their 
receptor sites to the whole of the homologous or heterologous 
determinant groups, however this adaptation may be expressed 
Those more completely adapted wUl combme more firmly with the 
homologous antigen or with a heterologous antigen havmg certain 
parts m common Without any assumptions as to the exact nature 
of this adaptation, they may be spoken of as " more avid " antibody 
molecules 

So far this discussion has dealt with artificial antigens , it has also 
been supposed that natural antigens, consisting of a single molecular 
species, may give nse to two distinct types'of antibody molecules 

(a) and (b), owmg to presence m one molecule of two antigenic groups 
A and B Thus Hooker and Boyd (1934) consider that the pre- 
cipitate formation by duck egg albumm and antiserum to hen egg 
albumin, is due to the presence m the serum of a distmct antibody 

(b) to a mmor antigenic group B common to hen albumm (antigenic 
groups A and B) and duck albumm (antigenic groups C and B) In 
support of this they find that the ratio of hen albumm antiserum at 
optimum proportions (see Chapter V) is not affected by precipitatmg 
from the antiserum all the antibody that will react with duck 
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albumin The optimum proportions they considered to be deter- 
mmed by the major antigen-antibody reaction A— (a) However, 
as subsequent mvestigations (1936) show, duck albumin removes only 
about ^ of the total antibody protem from an antiserum to hen 
albumin This is only just sufficient for its removal to be detectable 
by the optimum proportions method as used by Hooker and Boyd 
As already noted, when some antibody molecules are removed the 
remamder wiU not behave in the same way as the ongmal serum 
m the optimal proportions reaction, owing to the non-uniformity 
of antibody molecules This non-uniformity is illustrated, m this 
mstance, by the fact that precipitation with hen albumm is much 
delayed after the removal of the small amount of antibody that 
reacts with duck albumin If only a minor antibody (b) was 
removed the reaction of (a) with A should not be affected in this way, 
but this delay would be expected if the duck albumin removed the 
more avid antibody molecules 

Meyer and Morgan (1935) also consider that the polysaccharide of 
B dysentenae (Shiga) gives rise to two antibodies (a) and (b) 
corresponding to two antigenic groups A and B of which (a) 
combines and forms a precipitate with the polysaccharide, while (b) 
combmes with group B and also causes haemolysis of sheep's red 
corpuscles The presence of two antibodies in the antiserum to B 
dysentenae is suggested by the great difference of character between 
a precipitin reaction and haemolysis The supposition does not, 
however, seem necessary The disorganization caused by precipi- 
tation of one of the constituents of the surface of a red blood 
corpuscle may well cause haemolysis Haemolysins are known to 
form precipitates with extracts of red corpuscles (Eagle, 1935) 

In neither of the instances considered can the formation of two 
distinct species of antibody molecules be excluded But the homo- 
logous and heterologous antigens, in the two instances considered, 
may differ as do synthetic antigens formed from w-amino-benzene- 
sulphonic acid and o-amino-benzene-sulphonic acid , and the antibody 
molecules in the antiserum to one antigen may differ in degree 
rather than m kmd 

This discussion has an important bearing on the mosaic conception 
of bacterial structure If a bacdlus Q wiU remove part and only 
part of the antibody from an antiserum to baciUus P it does not 
foUow that P contains two distmct antigenic molecules A and B, 
one of which it shares with Q It may be that P contains an 
antigenic molecule with two antigenic groupings, one of which is also 
contamed in antigenic molecules of Q The antigenic molecule of P 
would be comparable to the azo-egg-albumm antigen of Heidelberger 
and Kendall (1934) Furth and Landstemer (1929) found that a 
serum, which reacted with only one bactenal haptene (eg 8 of 
B paratyphosus B ), precipitated other hapteaes (II and 7) along 
with it, just as an anti-egg-albumin serum may precipitate the 
whole azo-egg-albumm molecule Alternatively, P may contam an 
antigenic group, A and Q a similar, but not identical, antigenic group 
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A'/Aand A*- differing as do 7»»-amino-benzene-sulphonic acid and 
o-amino-benzene-sulphomc acid 

It may be suggested, as a postulate, that the presence of wo 
separate antigenic substances A and B m a complex antigen (such 
as baciUus) can only be mferred (1) when A and B have been 
separated, and (2) when removal of the antibody to A, by precipi- 
tatmg with A, leaves the antibody to B unreduced, and vice versa 

It is less difficult to account for the occurrence of cross-reactions 
than for the failure of cross-reactions Why, for example, when 
antisera to pneumococci Types II and III form precipitates with 
gum acacia and synthetic glucoside antigens owing to the common 
presence of glucuronic acid, should Type II antiserum not react with 
S S S III and vice versa The answer to this question requires a 
fuller knowledge of the composition of S S S II and structure of 
S S S III For although S S S III is known to be built up of a 
senes of aldobionic acid (glucuronic acid — glucose) molecules, it 
IS not known whether it consists of a chain of alternating glucose and 
glucuronic acid molecules or of a cham of glucose molecules with 
glucuronic acids attached 
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CHAPTER IV 

THE NATURE OF ANTIGEN-ANTIBODY REACTION FIRST 
STAGE COMBINATION 

» 

In the preceding chapter we have seen that proteins which contain 
certain determinant groups will react specifically with appropriate 
antibodies This might mean that the " determmant groups ’’ 
conferred a specific abihty to combme with the antibody, or a specific 
ability to form a precipitate after non-specific adsorption had 
occurred The mhibition of precipitation by simple haptenes, 
which themselves do not form a precipitate with the antibody, can 
be most readily explained by the first supposition The effect would 
resemble the competitive mhibition observed in enzyme reactions 
(Haldane, 1930, b) The simple haptene, present m excess, occupies 
the comhinmg sites on the antibody and prevents its combmation 
with antigen That such specific comhmation of simple haptenes 
with antibodies actually occurs has been demonstrated directly by 
Marrack and Smith (1932), and later by Haurowitz and Breinl (1933) 
Smce no further reaction, such as precipitation, occurs as a rule 
when a simple haptene combmes with antibody, it is possible to 
distinguish two stages in an immunity reaction (1) specific combina- 
tion of the " determinant groups ’’ with antibody, (2) secondary 
reaction — precipitation, agglutination, &c Smce the '' determinant 
group " combines specifically with antibody, it is possible to study 
examples of specific combmation m which the chemical structure of 
one of the partners to the combination — that is the " determinant 
group " — ^is known 

A The Mode of Combination of Antibody and Antigen 
Considering first the stage of combination, we find that many of 
the “ determmant groups ” that combme with antibody are not 
characterized by any chemically reactive radicles On the other 
hand, we find that " determinant groups " of different chemical 
composition may be immunologically equivalent, which implies that 
they combme equally with the same antibody , for example. 


Cl CHg 



Such a result can only be ascribed to mtermolecular forces and the 
specific character must be the result of (1) the presence of atoms or 
groups of atoms with appropriate fields of force in the determinant 
group and m the receptor sites of the antibody , (2) a proper spatial 
distribution such that correspondmg active points of antigen and 
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antibody can come m apposition simultaneously , and (3)' the 
accessibility of the active pomts of the determmant group to the 
antibody owing to the absence of any large inactive group that 
would prevent this approach These are the same factors as 
determme the specific selection of molecules that are built mto a 
crystal Erlenmeyer and Berger (1932, a) have drawn attention 
to the immunological equivalence of such atoms or radicles as are 
mutually replacable in crystals However the formation of mixed 
crystals is a severer test than immunological similanty In crystal 
buddmg molecules have to fit, in dimensions and distribution of 
polar fields, in every dimension , also a foreign molecule B, m order 
to be built into a crystal of A has to compete for its place with mole- 
cules of A, while m the combmation of determmant group and 
antibody only one surface need fit and there is no competition 
with other molecules whose fit is unquestioned Hence the 
occurrence of cross-reactions between antigens containing active 
groups which cannot replace each other m crystals A better 
companson would be with adsorption on the surface of crystals , 
but specific adsorption to which companson could be made, has been 
little studied 

This thesis of Erlenmeyer and Berger is however illustrated m 
the foUowmg instance The halogens and — CH^ are mutually 
replaceable m crystals, for example 

Br 
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and' there is considerable physical similarity between benzene, 
thiophene and furane 

0 

(Erlenmeyer and Leo, 1933) The immiinological similarity of 
these three nngs is shown m the work of Landstemer and 
van der Scheer (1931, a) already quoted (p 75) m which thiophene 
appears more closely related to benzene than is furane , also by the 
similar behaviour of benzene, thiophene and furane found by Berger 
and Erlenmeyer (1933) 

Erlenmeyer and Berger (1932, b) have also found that the 
" determinant groups " 

POjHj AsOgHj 



NHj NHj 

were immunologically equivalent and different from 

SbOgHj 



NH, 


which IS m accordance with the isomorphism of the salts of HgPO* 
and H,As 04 (e g Na^HPO,, 12HgO and NagHAsO*, 12HjjO), and 
entire dissimilarity of HgSbOj 

Haurowitz and Breinl (1933) also demonstrated the immunological 
difference between As and Sb, and between pentavalent and 
tnvalent As Erlenmeyer and Berger (1933) found that reactions 
between ^-amino-benzene-sulphonic acid (NH^ CjH, SOgH) azo- 
protein and the corresponding antibody were mhibited almost as 
well by benzene-selenomc acid as by benzene-sulphonic acid This is in 
accordance with the isomorphism of sulphuric and selenic acids and 
their salts 

Erlenmeyer and Berger (1932, a) have also stressed the importance 
of local similarities of electnc field, resultmg from equahty of the 
number of valency electrons of atoms or psgudo-atoms m deter- 
mming their mutual replaceabdity m crystals and their immuno- 
logical simdanty The term "pseudo-atom" has been applied to a 
group of atoms which can be considered to function as one atom 
This theory fits CHg, Cl, Br and I, which are found approximately 
equivalent , also P and As, and S and Se The chief example cited 
by Erlenmeyer and Berger concerned the atom O and the pseudo- 
atoms CHj and NHj These are mutually replaceable m the 
crystals of the substances represented by 

<3-ch,e-^^ 
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where R is O, CHj or NH In this instance the number of vatency 
electrons is 6 , e g m the pseudo-atom CH, there are 4 from the 
C atom and 2 from the two H atoms In CO the number of valency 
electrons is 10 (4 from the C atom and 6 from the O atom) The 
compound m which CO takes the place of R cannot replace the 
other three compounds m crystals Erlenmeyer and Berger con- 
sidered that the compounds. 



in which R was O, CHj or NH, were immunologicaUy similar and 
sharply distmguished from the compound in which CO took the 
place of R However, as noted m Chapter III, Jacobs (1937) found 
no sharp distmction between these O, CHj and CO compounds It 
IS probable that other factors, besides the local electric field at R, 
affect these serological reactions In the case of benzene and thio- 
phene, in which the pseudo-atom — CH=CH— is equivalent to 
— S— it IS necessary to neglect the 4 electrons concerned in the 
double bond as being concerned in the inner structure of the 
— CH=CH— pseudo-atom On this reasoning C=0 should be 
equivalent to 0 In fact all groups of atoms which have the same 
number of free valencies must contain the same number of valency 
electrons, unless, m some of them, hydrogen has been substituted 
by a larger atom or group of atoms In which case, the stenc effect 
of such a substituent may be expected to play a part in determinmg 
the possibility of mixed crystal formation and the immunological 
specificity 

Moderate differences of distribution of electric charge in a deter- 
minant group seem to be compatible with immunological similanty , 
for 


-0 21 
Cl, 


-0 19 ^ -0 

Br 


have, when attached to carbon, negative charges approximately 
equal to the decimals of an electron charge shown, while 

-0 12 - 1-0 12 
-CH, 


IS partly positive and partly negative Greater differences entirely 
alter the specificity Proteins coupled with diazotized ^-ammo- 
benzoic acid ethyl ester 

O 

II 

C-O-C^Hj 

0 

NH, 
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(which IS not ionized) do not react with antisera to /i-ammo-benzoic 
acid, which is ionized as 

COO— 



NHj 


and forms precipitates with antisera to the neutral antigens formed 
from anilme, ^-toluidme and />-mtro-aniline On the other hand 
protein coupled with free p ammo-benzoic acid does not give a 
precipitate with antisera to neutral antigens (Landsteiner and van 
der Scheer. 1927) 

The mtroduction of polar groups mto the less active parts of a 
determmant group affects the specificity Thus the inhibitory effects 
of 4-carbon dicarboxylic acids on the precipitate formed by ^-succin- 
anihc acid protein and the corresponding antibodv is m the order 
COOH CHj CHj COOH (succmic acid) >COOH CH(OH) CH^ COOH 
>COOH CH(OH) CH(OH) COOH = COOH CH(NH j CH^ COOH 
(Landsteiner and van der Scheer, 1934) The effect of these sub- 
stituents may be due both to their local effect on the electric field 
and to an electron shift along the carbon chain, which shows itself 
by changes produced in the terminal —COOH groups It is 
remarkable that Snapper and Grunbaum (1936) should have found 
that the acetic ester of diiodo-4-hydroxy-benzoic acid, CH3 CO O 
CjHjIj COOH, should inhibit precipitate formation by lodo-proteins 
and the correspondmg antisera For at the hydrogen ion con- 
centrations mvolved, the —OH group of diiodotyrosme (which is the 
determmant group of lodo-protems) is almost fully dissociated, as 
the pK of this group is 6 48 (Dalton et al , 1930) The failure of the 
ether, CH, CO CjHjIj COOH to mhibit is to be expected The 
inhibitory effect of the pyridon compound 

O 

\N/ 

H 

may be due to enolization to the form 


OH 



The ultraviolet absorption curve of the pyndon compound stiU 
shows some resemblance to that of phenol, whereas that of the 
methyl ether is wholly different , a difference of electron distnbution 
in the two compounds is thus shown 
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The above examples illustrate the importance of the first critenon 
The second cntenon is illustrated by the specific differences between 
I- and rf-tartrandic acid antigens (p 79) Suppose that the active 
points of these antigens are the two —OH groups, the — COOH and 
the — CO— NH— groups, and that the antibody to the d- antigen 
has 4 receptors arranged, m a plane, to fit these four pomts of the 
d- antigen It will then be impossible for more than two of the active 
pomts of the I- antigen or three of the active pomts of the meso- 
antigen to be in contact with these receptors at the same time 
Hence the antiserum to the d- antigen forms some precipitate with 
the m- antigen but very little with the I- antigen 

In the case of the long cham andic acids (p 76) such as 
CbHj NH CO (CHj)* COOH the active pomts — NH CO and —COOH 
can be brought m contact with the receptors of the antibodies to 
antigens of other cham lengths owmg to the flexibility of the cham 
Hence the cross-reactions found between, for example, adipanilic 
[CjHj NH CO (CHj)! COOH] antigen and suberanilic [CjHj NH CO 
(CHj), COOH] antibody On the other hand, the receptors which 
are so placed as to fit oxanilic acid 



\n 

/ 

Will not fit succmanilic acid , 

.C. 


O = C CH, 
^N / 
/0=C^ 


OH 

hence there are no cross-reactions between these compounds The 
fact that the reaction of succmanilic antigen with the correspondmg 
antibody is inhibited by the cis compound, maleic acid, (p 80) and 
not by the trans compound fumanc acid, shows that the succm- 
anilic acid takes the form shown above 

The importance of the third criterion may first be illustrated by 
its effect m an enzyme action Dipeptidase (Bergman et al , 1935) 
appears to combme with and hydrolyse dipeptides m the flat 
hexagonal form , the enzyme fits to the upper surface of the hexagon 


H 

R 


a' 






HOOC 

X 


If one of the hydrogens a and a', which are above the plane of the 
hexagon, is replaced by CHg groups, hydrolysis of the enzyme is 
considerably slowed But if either is substituted by an tsobutyl 
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group [— CHj CH(CHa)J the action of the enzyme is prevented 
because the enzyme cannot approach near enough to the bmduig 
plane of the substrate There are not many unquestionable examples 
of a similar effect m antigen-antibody reactions One reason for 
this IS that the determmant groups of synthetic antigens have 
mainly been anihne derivatives In these the hydrogen atoms or 
substituents for them he m the plane of the nng Hence substituents, 
however large, need not mterfere with the approach of the receptor 
site of the antibody to the face of the rmg A stnkmg mstance of this 
IS the inhibition of the reaction between ^-amino-pjrridme antigens 



and the corresponding antibodies by nicotme 

HjC — CHj 

, I 1 


I 

CH, 


and by qumolme 



in spite of the large substituents (Berger and Erlenmeyer, 1935) 
The mcomplete precipitation of the precipitin for S S S III by 
methylated S S S III may be due to obstruction by the inert groups 
mtroduced, and the effect of acetylation of glucose antigens (p 82) 
on their specificity to the obstruction of the approach of the anti- 
glucose antibody by the q 

II 

-CCH3 

introduced The specific difference between a and )9-glucoside 
antigens (p 81) may also be attributed to obstruction Thus if the 
binding face of the glucosides is the upper face in the figure on 
p 81 the oxygen of the glucoside hnk wdl obstruct the approach of 
the a-glucoside antibody to the binding face of the ^-glucoside 
antigen, and the phenol ring will obstruct the approach of the 
/3-glucoside antibody to the bmdmg face of the a-glucoside 


Glucoside 

antibody 








Glucoside 

antibody 


Glucoside 

antigen 


a Glucoside 
antigen 
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Benzoylation and subsequent attachment of protem to S S S ’ III 
does not affect its reaction with Type III serum (Avery and Goebel, 
1931) This suggests that the benzoyl group is attached on the 
opposite face of the sugar nng to that which is adapted to the 
antibody receptors Similarly the methyl groups, 2 per equivalent, 
introduced mto S S S I (Chow and Goebel, 1935) may not be on 
the bmdmg face It is not necessary that the substitution of H by 
CHj on the bmdmg face should prevent reaction, but it would 
probably weaken it 

Specific combination of a determmant group with antibody 
involves more than a group of a few atoms even though such a sub- 
group may, to a large extent, determme the specificity Thus 
arsenic acid 

HO - As=0 

\0H 

has only a very weak inhibitory action on precipitate formation 
by ammo-benzene-arsimc acid antigens and antisera (Landstemer, 
1920 , Haurowitz and Breinl, 1933), in spite of the 

/OH 
- As=0 
\OH 


m common , while methyl arsinic acid 


and cacodylic acid 


/OH 

CH3-As=0 

\OH 

/CH3 


CH3-As=0 

\OH 

(Landstemer, 1920) have no inhibitory action It is even possible 
that the inhibitory action of arsenic acid is non-specific, as Landstemer 
found that it also has a slight inhibitory action on the benzene- 
sulphonic acid antigen-antibody system According tj Haurowitz 
and Breinl (1933), a M/160 solution of ^-ammo-benzene-arsmic acid 
has considerably more inhibitory effect on the benzene-arsmic acid 
system than has M/5 arsimc acid When an azo-dye is formed, 
as by coupmg with tyrosine, the inhibitory effect is much enhanced 
(see p 73 and Erlenmeyer and Berger, 1933, for examples) Other 
substances m place of this azo link may also enhance the inhibitory 
effect For example, the /i-ammo-benzene-sulphonic acid system is 
inhibited even more effectively by aceto-phenone-sulphonic acid 
CHj CO CjHj SO 3 H than by the tyrosme-coupled compound (Erlen- 
meyer and Berger, 1933) On the other hand, synthetic antigens m 
which the determmant group (D) is ]omed to protem (Pr) by a 
ureido link D_]SIH— C— Pr 

II 


O 
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are 'not equivalent to those m which D is attached by an azo link 
(D— N = N— Pr) (Mutsaars and Gr^goire, 1936) 

Hooker and Boyd (1933) have found that unmazol-azo-benzene- 
arsinic acid 

HC-NH^ 

II / 

HC- N^ 


:-N=N-<;^ ^ 


AsOqHn 


IS about three times more effective than phenol-azo-benzene-arsmic 
acid 


HO 



AsOjHj 


in inhibitmg precipitate formation by casein coupled with ^-amino- 
benzene-arsmic acid and an antiserum to egg albumm coupled with 
this arsmic acid , whereas the immazol compound is 10 times more 
effective than the phenol compound in inhibiting precipitate forma- 
tion by the casein compound and an antiserum to gelatin coupled 
with this arsmic acid It appears that the antiserum to the egg- 
albumin compound contains antibodies to the determinant group 
attached to tyrosine (a phenol derivative) and to histidine (an 
iminazol derivative) whereas the antiserum to the gelatin (which 
contains no tyrosine) compound contains antibodies to the histidine 
denvative only According to this supposition combination with the 
receptor site of the antibody is affected even by the structure on the 
far side of the azo Imk to the essential — AsOjHj sub-group 
The succmanihc acid system is inhibited by approximately 0 02 M 
succmandic acid to the same degree as by 0 13 M succinic acid 
(Landsteiner and van der Scheer, 1934, a) Similar examples of the 
importance of the whole determinant group are found m the work 
of Landsteiner and van der Scheer (1932, 1934, b) on polypeptide 
antigens, and of Avery and Goebel (1929) on glucoside antigens 
Again Snapper and Grunbaum (1936) found that the lodo-protein 
system was inhibited by the atomic arrangement 

I 

I 

X- 

HO-Cf 

X= 

I 

I 


when the three carbon atoms formed part of an aromatic nng 
But the aliphatic compound CHj CHI CH(OH) CHI CHg did not 
mhibit, although it can take the form 


H, /I 


HCS^ yC 

■ \ 

H .C, 


\r 


H 
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m which the spacing of the essential —OH and I atoms differ h'ttle 
from that m the aromatic compounds 

Such effects of the whole of the determmant group m mhibition 
cannot be ascribed to the presence in the antisera of separate anti- 
bodies to different parts of the determmant group For example, 
suppose that the succmanilic acid antigen gave rise to separate anti- 
bodies stnctly specific for the — NH CO CH^— and — COOH parts 
of the antigen , then the first should not be mhibited by succinic acid 
COOH CHj CHj COOH in any concentration Actually the succin- 
anilic acid system is inhibited by succinic acid, though m relatively 
high concentrations 

The effect of certain sub-groups both m producing antibodies and 
m determmmg specificity may vary greatly The peculiar efficacy 
of arsinic acids m producing strong antisera has led to the constant 
use of benzene-arsimc-acid antigens for work with synthetic antigen- 
antibody systems Antisera to^-ammo-benzene-arsinic acid antigens 
give precipitates with test antigens made from any benzene-arsinic 
acid Ammo-sulphomc and ammo-benzoic acids form less effective 
antigens which are less specific for the acid group , while antigens 
derived from aniline, toluidine and mono-halogen andmes give nse 
to weak sera which cross-react with other antigens containing a 
similar characterless group m the same position m the benzene nng 
Since such sub-groups as arsimc acid (which, using a term introduced 
by Heidelberger and Kendall, 1934, may be called " dominant ” 
sub-groups) have a predommant effect in determining specificity, 
the firmness of the attachment of determmant group to the receptor 
sites of the antibody depends mainly but not wholly on these sub- 
groups 

The receptor sites of the antibodies should therefore be considered 
to be adapted to receive a considerable area of the determinant 
group The effect of changes such as the introduction of, for 
example, a Cl atom into the benzene rmg of a determinant group 
may be ascribed both to a local effect on the electric field, affecting 
the local adaptation to the receptor site, and to an electron drift 
m the benzene rmg, which affects the adaptation of the whole rmg 
or of any dommant group attached to it,^ to the receptor site 

Even the nature of the protein combined with the determinant 
groups in a synthetic antigen affects the amount of precipitate obtained 
with an antiserum to the determmant group A serum obtained 
by immunizing with a synthetic antigen A made from protein A 
(e g horse serum globulm-azo-benzene-arsinic acid) will give more 
precipitate with an antigen B made from protein B, which is closely 
related to A (e g dog serum globulm-azo-benzene-arsimc acid), than 
with an antigen C, made from a protein not closely related to A 
(e g ghadm-azo-benzene-arsimc acid), although the antiserum forms 
no precipitate with protein B Also the presence of a minimum 

' Distant effects resulting from sach substituents are shown by the mfluence 
of one substituent in a benzene nng on the site of entry of further substituents , 
also by the effect on dissociation constants of acids 
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nuiftber of determinant groups m the test antigen is necessary for 
precipitate formation Antibodies to />-ammo-benzene-arsmic acid 
will not form precipitates with test antigens m which the As/N 
ratio is below 0 065 (Hooker and Boyd, 1932) This failure to form 
a precipitate may be due m part to failure m the second stage, 
discussed m the next chapter , but is due at least in part to the 
weakness of combmation of antigen and antibody. In the case of 
antigen C the spacing of the determinant groups on the antigen 
molecule is different from that on the antigen molecules A and B 
Hence the determmant groups on antigen C cannot all simulta- 
neously come m contact with the receptor sites on the antibody 
molecules, which are spaced to receive the determmant groups of A 
Both m such a case and when the number of determinant groups 
on the antigen is small the weakness of combination is due to the 
fewness of the determinant groups that come m apposition to the 
antibody receptor sites 

The evidence, therefore, mdicates that the specific combination of 
these determmant groups with antibodies is determined by the 
same factors which determme the specific bmdmg of molecules 
together m the form of crystals , that is, the shapes of the molecules 
and the spatial distribution and strength of the polar forces It is 
then necessary to consider the nature of the change m serum globulm 
that converts it into antibodies with the power of combining specifi- 
cally with determmant groups It is difficult to imagme the 
possibility of the attachment to serum globulin of prosthetic groups 
sufficiently varied to suit specifically all the determmant groups 
that have been used On the other hand, the surface area of a serum 
globulm molecule is large enough to accommodate some 150 benzene 
rmgs This surface must present a mosaic of groups of varying 
degrees of polarity It is extremely probable that some areas should 
occur which are specially suitable for bmdmg particular molecules , 
this would account for the adsorption of dyes by normiil serum 
proteins It is conceivable that slight alterations m the structure of 
globulin molecules might give rise to areas with a specific affinity for 
certain determmant groups One can compare the effect of the 
simple change from diamond to graphite packing of carbon atoms on 
the adsorption of methylene blue and succinic acid The forma- 
tion of antibodies from serum globulin may be based on such a 
rearrangement 

We may therefore suppose that there are certain receptor sites on 
the molecules of antibody globulms It is quite intelligible that the 
presence of such modifications should make no difference to the 
globulm detectable by ordinary means, or m some cases produce 
slight differences m its non-specific adsorption as already indicated 

In some cases there may be some indication of the nature of the 
groups mvolved at these receptor sites The importance of the 
uromc acids of the pneumococcal and some other polysaccharides 
was noted m the last chapter Chow and Goebel (1935) have 
suggested that the combmation between these polysaccharides and 
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the corresponding antibodies may be largely effected by attracfion 
between the carboxyl groups of the uronic acids (which at the hydro- 
gen ion concentrations involved are ionized as COO~ and are nega- 
tively charged) and the NH^ groups of the antibody protems (which 
also are ionized and positively charged) They found that, if the 
NHj groups of antibody were acetylated (NH CO CH,), the 
antibody lost to a large extent its ability to precipitate 
with the corresponding polysaccharide However, precipitates were 
still formed with higher concentrations of the polysacchande 
(down to 1/8000), so that other groups of the antibody must 
be involved in the reaction Treatment with formabn, which also 
changes the NHj groups, completely abolished precipitate formation 
with polysacchande The abihty to form a precipitate was to some 
extent restored after bruiging the pH to 4 0 and standing at 0° C for 
several days, a treatment which probably restores the NH^ groups 
It IS likely, however, that the changes in the free NH^ groups of 
proteins are accompanied by some disorganization of the protein 
molecule, and the loss of power to form precipitates with the homo- 
logous polysaccharide may be only indirectly due to the change in 
the NHj group The evidence is, therefore, not conclusive 

Supposing that NHa groups are essential, the proportion of the 
total NHjj groups of antibody protein involved is small The maximum 
ratio of S S S III to protein in the precipitate, formed with antiserum 
IS about 1/20 (Heidelberger and Kendall, 1935, b) , that is, one gram- 
equivalent of S S S III to 7,000 grams of protein, which contains 
some 7 NHj groups Even if the antibody contains extra NH^ 
groups to combine with the COOH groups of S S S III, this would 
involve only a 14 per cent increase m the total NHj content of the 
protem 

Specific combination must recall the combination of enzyme and 
substrate, and it is necessary to bear m mind the possibility of com- 
bination also occurnng by other means, such as Schiff's reaction 
between — NH^ groups and aldehyde groups, or the formation of salts 
(Waldschmidt-Leitz, 1932) Brunius and von Gard (quoted by Euler 
and Brunius, 1931) found that the binding of antibody by red blood 
corpuscles was not affected by nitrous acid, which converts — NHg 
into — OH groups Schiff's reaction is therefore not involved m this 
process 

Diphtheria antitoxin, adsorbed on charcoal (Eisler, 1923) or collo- 
dion (Freund, 1932), wiU not neutralize toxin It appears that the 
" adsorbmg site ” of the antitoxin is involved in adsorption on the 
charcoal or collodion In other mstances, e g haemagglutinin (Eisler, 
1924), this IS not the case The adsorbmg sites of a globulm actmg 
as an antibody appear different to those by which it is bound when 
acting as an antigen Eisler (1920) found that antitoxm was stiU 
precipitated by a precipitin after binding toxm , Smith and Marrack 
(1930, a) found that diphtheria antitoxm precipitated by an anti- 
horse-globuhn precipitm would stiU bmd toxm, and that toxm-anti- 
toxm floccules, resuspended, were flocculated by precipitm The sites 
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on the antitoxin molecule which bmd toxm are therefore not the 
same as those at which it is attached to precipitm 

There is also the possibility that the immunological characters of 
particulate antigens may be determmed, not by the structure of certain 
molecules in them, but by the pattern of different molecules on 
their surfaces If this were the case the whole antigen would have 
immunological characteristics not shown by separate substances 
extracted from it 

B Effect of Varied Conditions on Combination of Antibody 

AND Antigen 

Actual combination of simple haptene and antibody has been 
demonstrated by compensation dialysis methods by Marrack and 
Smith (1932) and Haurowitz and Breinl (1933) The amount of 
haptene bound by antibody was small In the experiments of 
Marrack and Smith, bound haptene was never more than 66 per cent 
of the total ^ One c c of a solution of antibody to ^-ammo-benzene- 
arsinic acid, which would combine with 0 21 mdle-equivalents of 
arsenic contained in protein antigen, only bound 0 0355 miUe- 
equivalents of arsenic in the form of simple haptene The disso- 
ciation constant of the haptene-antibody compound is therefore 
high The greater combmation between antibody and protein 
antigen may be due to two causes First the protein antigen 
molecule has numerous determmant groups, which act as bonds of 
union with the reception sites on the antibody molecule The 
resulting combination is firmer than that between the antibody 
molecule and the haptene molecule, in which only one or two such 
bonds are involved In the second place, in the case of fuU antigen 
and antibody, an msoluble compound is formed by the combmation , 
this wdl precipitate out Progressively more antigen-antibody com- 
pound wdl form and precipitate, and the concentration of antibody 
and antigen wdl fall until eventually they are in equilibrium with 
the saturation concentration of the antigen-antibody compound If 
the solubdity of the compound is decreased, for example by a secon- 
dary reaction between antigen and antibody, more free antibody 
and antigen wUl combine and precipitate, although the dissociation 
constant of the compound may be unaltered 

With the ordmary methods of investigation it is difficult to dis- 
tinguish effects of, for example, pH and salt concentration on the 
combmation of antigen and antibody, from eHects on the solubility 
of the antigen-antibody compound In order to study the effects 
on the combmation of antibody and antigen it is usual to suspend a 
particulate antigen in the antibody solution, centnfuge this antigen 
off and test the supernatant fluid for residual antibody It is then 

^ Haurowitz and Breinl corrected for non-specific adsorption of the haptene 
by serum proteins by dialysing with normal serum as the external solution 
and anti-serum as the internal solution As, however, anti-serum may 
contain considerably more protein than normal serum this correction may be 
inadequate 




antigen-antibody reaction 

usually impossible to distinguish the efiects on the dissociation 
ccmstant of antigen and antibody from the possible effects on the 
solubihty of the antigen-antibody compound resulting from secondaiy 
reactions 


1 Effect of pH and Salt Concentration 

Coulter (1920-1, b) found the binding of haemolysin was maximum 
at pH 5 3, that IS. near the isoelectric pomt of globulin In the 
absence of salt this effect of pH was much more conspicuous, as the 
amount combmed was negligible at pH 7 but at pH 5 3 was as high 
as that bound when salt was present Similar results were obtamed 
by Euler and Brunms (1931) workmg on the combination of haemo- 
lysin with the stromata of red corpuscles (Fig XVll) Coulter found 
that the combination was fully reversible , the final results were the 



salt (Coulter, 1920-1, b). 

same, whether the corpuscles were first fully sensitized and thrai 
suspended m solutions at the various pH levels, or suspended from 
the first solutions of haemolysm at the various pH levels. Euler and 

(44«2t) I 
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Bninms found that the combination of haemolysm with hpm extracted 
from red corpuscles was also maximum at a pH just above 5, but that 
the reduction of the combmation at other pH levels in the absence of 
salt was not so striking as that found with stromata This they 
attnbuted to the much lower degree of reversibility of the combmation 
of hpm with haemolysm The symmetrical nature of the curve on 
each side of the maximum shows that the combmation does not depend 
on the degree of ionization of any groups whose degree of ionization 
changes withm the pH range studied The curve bears a close 
resemblance to that for the adsorption of egg albumin by coUodion 



Fig XVIII Effect of pH on the amount of agglutimn absorbed by typhoid 
bacilli and on the minimum concentration of immune serum reqmred to 
produce agglutination No agglutmation occurred at pH under 3 3 
(De Kruif and Northrop, 1922-3, a ) 


(Chap I) , as m this instance, the maximum adsorption at the isoelec- 
tric pomt of globulin may be due to the minimum ionization at this 
point and comparable to the greater adsorption of acids when m the 
un-ionized state found by Phelps and Peters (1929) 

The relation to pH of the adsorption of agglutmm by typhoid baciUi 
found by de Kruif and Northrop (1922-3, a) is very different It can- 
not be concluded from their results that the dissociation constant of 
the antigen-antibody combmation was completely unaffected by pH 
from 4 to 7 5, as nearly aU the agglutmm was absorbed in ah the 
experiments m this range But below this range a considerable re- 
duction m the amount bound took place (Fig XVIII) This may 
mean that the combination depends on the degree of ionization of the 
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— COOH groups A companson may be made with the combmation 
of the enzyme saccharase with cane sugar , the dissociation constant 
of this compound is unaffected by pH about 5 6, but is doubled at 
pH 2 5 (Haldane, 1930, a) 

Schmidt (1930, b) considered that diphtheria toxin and antitoxm 
did not combme in the absence of salt, because he could not obtam 
the Danysz phenomenon by adding toxin, m separate portions, to 
antitoxm in the absence of salt As, however, the Danysz pheno- 
menon depends on further irreversible changes, its absence cannot be 
taken as evidence that the toxm and antitoxin did not combine, but 
merely that the further change did not occur 

Landsteiner and Welecki (1911) found that the combination of 
haemolysm with red blood corpuscles was considerably reduced by 
hypertonic (1 N) sodium chloride solution This however, does not 
agree with the findings of Angerer (1909) 

Duncan (1934) found that variations of salt concentration had 
little effect on the combmation of o-agglutinms with smooth non- 
flageUated strains of mtestmal bactena Thus when an excessive 
amount of agglutinin was added to a suspension of bactena approxi- 
mately 90 per cent was bound with 1 35 N sodium chlonde con- 
centration, 76 per cent with 0 14 N sodium chlonde and 72 per 
cent with 0 007 N sodium chlonde On the other hand when the 
amount of agglutinm added was low, approximately 78 per cent was 
bound at 1 25 N sodium chloride and nearly 100 per cent at 0 15 N 
and 0 007 N With flagellar agglutinin the effect of salt concentration 
was entirely different (Duncan, 1937) The agglutinm combined 
rose from approximately 50 per cent at 1 2 N to 100 per cent at 
0 001 N, and fell to 75 per cent m distilled water 
Heidelberger, Kendall and Teorell (1936) found that in high salt 
concentrations a given amount of pneumococcal polysaccharide 
formed less precipitate from a given amount of antiserum than in 
0 15 N salt This was, m part, due to decreased combmation, as 
free antibody could be obtained from the supernatant fluid 

This reduced combmation in high salt concentration may be 
attributed to the atmosphere of salt ions round the oppositely 
charged polar groups of antigen and antibody reducmg the attraction 
of these for one another The effect of salt concentration on the 
physical properties of polysaccharides (Heidelberger and Kendall, 
1932, a and c) must also be taken mto account 

2 Effect of Temperature 

The combination of haemolysm with red blood corpuscles at vary- 
ing temperatures (Table XIX) was studied by Cromwell (1923) The 
temperature at which maximum combmation occurred varied with 
different sera from 15° to 40° C This suggests that a secondary 
process may occur at higher temperatures, fixmg the antibody more 
firmly and to some extent counteractmg the mcrease with nsing 
temperature of the dissociation constant of the compound first 
formed 


( 44021 ) 


12 
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Table XIX 

The effect of temperaiure on the comhmatton of haetnolysin with 
red blood corpuscles (Cromwell, 1923 ) 


Number of haemolytic 
iimts adsorbed at — 



umber oj haemo- 


lytic units added 


100 

1 200 

1 800 

0"C 

92 

ISO 

580 

15"C 

95 

187 

600 

25° C 

95 

187 

600 

37° C 

90 

180 

575 

40° C 

SB 

175 

575 

45° C 

83 

163 

500 

50° C 

75 

155 

450 

55° C 


120 

400 

60° C 


75 

300 


3. Rate of Combination 

Cromwell (1923) found that the amount of haemolysm fixed by red 
blood corpuscles did not mcrease after 15 mmutes Dreyer and 
Douglas (1910) found that the amount of agglutinin fixed by bacteria 
mcreased slightly up to 4 hours , the greater part of the agglutmm 
was taken up within the first 15 mmutes This rapid combination of 
antigen and antibody has been cited as evidence that the fixation is not 
an adsorption There is, however, no reason why adsorption should 
not be as rapid as any other combmation m which it is necessary that 
molecules should be suitably onented m relation to each other before 
combmation occurs The dow adsorption by charcoal is due partly 
to slow penetration of the adsorbed substances mto the pores of the 
charcoal, partly to the slow development of irreversible changes The 
first cause does not affect the combmation of antibodies with bacteria 
and red blood corpuscles , the second may account for the slow 
increase with time observed by Dreyer and Douglas 

The relation of the amount of antibody combmed to the concentra- 
tion of antigen and of free antibody (Law of Mass Action and Adsorp- 
tion isotherm) wiU be discussed at the end of the next chapter, smce 
in many of the mstances considered the degree of combination is 
affected by secondary reactions 
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ANTIGENS AND ANTIBODIES 


CHAPTER V 

THE NATURE OF ANTIGEN-ANTIBODY REACTION ; 

SECOND STAGE 

In the usual immunity reactions the union of antibody and antigen 
IS followed by a second stage It is probable that the more complex 
reactions, occurrmg m this second stage, are the result of changes 
similar to those which occur m the processes, precipitation and 
agglutmation, which will be discussed here Before attempting an 
analysis of the nature of these changes it is as well to describe the 
effects of varymg conditions on these two reactions 

As has been pointed out m the first chapter the stability of suspen- 
sions depends on two factors — (1) the difference between the attrac- 
tion of the particles for water and their mutual attraction, and (2) the 
surface potential of the particles Owing to the advantages of such 
materials for measurements of surface potentials, studies have been 
carried out mamly on particulate antigens such as bacteria Observa- 
tions have been made on the surface potential, and on the stability 
of the suspension, and as g general rule the vanations of the first 
factor have been deduced from these observations 

A Effect of Salt in low and moderate Concentrations 
ON THE Stability of Suspensions of Particulate Antigens 
The stability of bacterial suspensions is affected by several factors 
The classical work of Northrop and de Kruif (1921-2, a and b) with 
suspensions of B typhosus and Type D of the bacdlus of rabbit 
septicaemia was done before the importance of differences between 
flagellated and non-flageUated and rough and smooth strains were 
appreciated It may be assumed that the strams used were smooth 
and flagellated The results of the interaction of various factors 
were peculiarly complicated The effect of increasing concentrations 
of various kations on the surface potential and stability of suspen- 
sions of typhoid baciUi, at pH about 1, are shown in Fig XIX The 
effects on surface potential are similar to the effects on collodion 
particles (Fig XI) In low concentrations of salts the stability also 
IS similarly affected, for the bacteria are agglutinated when the surface 
potential falls below a cntical level of about 15 mvt In higher salt 
concentrations, however (e g 0 1 N NaCl), agglutination does not 
occur even when the surface potential falls well below this level It 
must be mf erred that, when the salt concentration is raised, a change 
takes place on the surface of the bacteria, leadmg to a reduction of 
the mutual attraction of the bacteria or an increased attraction for 
water, a change from a hydrophobe to a hydrophd state 

A reduction of the mutual attraction of the bacteria with rismg salt 
concentration was demonstrated directly by Northrop and de Kruif 
(1921-2, a) by measurmg the force required to separate two cover- 
shps coated with the bacteria This effect of salt concentration on the 
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cohesion of the bactena may be compared to the effect on the sdu- 
bihty of englobulm, with this striking difference — ^the effect of solu- 
tions of salts of equivalent concentrations on the solubUity of 
euglobuhn increases with mcreasing valency, but this influence of 
valency is not found m the effect on the cohesion of bactena Hence 
very low concentrations of polyvalent kations do not reduce the 



Fig XIX Effect of salt concentration on surface potential and agglutina- 
tion of B typhosus, unsensitized Euid sensitized pH about 7-8 (Northrop 
and de Kruif, 1921-2, a and b ) 

mutual attraction of the bacteria , at the same time they reduce the 
surface potential below the 15 mvt required for stability, and there- 
fore produce agglutination Monovalent kations, on the other hand, do 
not reduce the surface potential appreciably before the cohesion has 
been reduced also, and therefore do not cause agglutination m any 
concentration 




130 ANTIGENS AND ANTIBODIES 

Barticulate antigens vary considerably in the two factors that affect 
the stabihty of suspensions The surface potential of Type D of the 
bacdlus of rabbit septicaemia is relatively high, and it is therefore 
not readily agglutmated (Northrop and de Kruif, 1921-2, a). Rough 
strains of intestmal bacteria {eg B typhosus, B jlexneri, B.puUorum, 
B coll) suspended in salt solutions are partially agglutmated when 
the surface potentials falls below 17mV and completely below 10m V. 
But the surface potentials of the smooth non-flageUated strains of the 
bactena approach zero even in low salt concentrations , nevertheless, 
their suspensions are stable m any salt concentration (Joffe and 
Mudd, 1935) On the other hand, acid-fast bacilli, as might be 
expected owmg to the lipOid nature of the surface, do not form 
hydrophil suspensions even in the higher salt concentrations Their 
suspensions are unstable when the surface potential of the bactena 
IS low 

B Effect of Immune Serum on the Surface Potential and 
Stability of Suspensions of Particulate Antigens 

In contrast with the variable and complicated behaviour of 
unsensitized bactena, that of bactena sensitized by agglutinatmg 
serum is fairly simple (Fig XIX) The effect of immune serum on 
the surface potential of particulate antigens is variable (Fig XX) 
At the pH (about 7-8) and salt concentration (0 9 per cent = 
0 1 5 N N aCl) , at which agglutination reactions are usually performed, 
the effect may be negligible , although at lower pH levels or salt 



Fig XX Examples of the effect of immune serum on the surface potentia 1 
of bactena (Shibley, 1926) Note that this is in M/20O buffer solution In 
the 0 15 N Nad solution usually employed the initial potential would be 
considerably lower (see Fig XIX) and effect of immune serum much less 
Also the effect of immune serum on the surface potential of red blood 
corpuscles in 0 15 N NaCl (Northrop and Freund. 1924) 



ANTIGEN-ANTIBODY REACTION 137 

conceutratioiis the effect may be much more marked * Sensitization 
tends to hnng' the surface potential of all antigens to the approxi- 
mately same level — ^that of serum globulm at the same pH and salt 
concentration This agrees with the facts already discussed that show 
that the antigens are coated with globulm from the antisera 

The important effect of sensitization^ however, is that the fully 
sensitized antigens behave hke hydrophobe suspensions, even in 
moderately high salt concentrations Accordmg to the experiments 
of Northrop and de Kruif (1921—1922, b), with flagellated bacteria, 
the sensitized suspensions are dependent for their stability on their 
electric charges , the critical potential for all fuUy sensitized antigens 
appears to be about 13 mvt The effect of salt concentration on the 
surface potential of sensitized bacteria at pH 7-8 may be very 
similar to that on unsensitized bacteria (Fig XIX) The bacteria are 
not agglutmated unless a sufficient concentration of salt is present to 
reduce the surface potential below the critical level Polyvalent 
kations are more effective than monovalent, so that 0 0002 N BaClj, 
and 0 005 N NaCl are required to produce agglutination If, 
however, the antigens are not fully sensitized the change from 
hydrophil to hydrophobe is less complete, and the cntical potential 
for agglutination is lower 

When the pH is brought nearer the isoelectric pomt of serum 
globulin the surface potential of sensitized bactena becomes pro- 
gressively less, however low the salt concentration , the bacteria are 
therefore agglutmated in very low salt concentrations 

Table XX 

Effect of salt concentration on the flocculation of anhgen-antibody 
complexes and heat-denatured globulin (Eagle, 1930, b ) 


Ccncentralion, gram equwalents Ittre 



Salt I 

0 Oi 1 0 02 1 

0 01 1 

1 0 005 1 0 OOZS 1 

1 0 OOIBS 1 

1 0 0006 

1 

Sensitized 

B eoh 

NaCl 

Na,S 04 

1 BaCl, 

+ + + 

+ + + 

+ + + + 

+ + + 

+ + -|“ 

+ 4- + + ' 

+++ i 
+++ 1 
+++ 

+ + + 

+ + 1 
+ + + 

+++ 

+ + + 

+ + 

Sensitized 

B typhosus 

NaCl 

1 NajSO, 

1 BaCi, 

+ + + + 
+ + + + 
+ + + + 

+ + + + 
+ + + 

+ + + + 

++ 

-1- 

+++ + 

+ + + -I- 

+++ 

± 


Sensitized red 
blood corpus 
clca 

NaCl 

Na,SO. 

EaCl. 

+ + + + 

+ + + + , 
+ + + + 

+ + + + 
+ + + + 
+ + + + 

++++ 
+++ + 
++++ 

+ + + 

+ 1 
+ + + + 



+ + + + 

Protein ontl 
protein pre- 
cipitate 

NaCl 

Na,SO| 

EaCl, 

+ + + + ' 
+ + + -)- 
+ + + + 

+ + + + 
+ + + + 
+++ + 

++++ 

++++ 

++++ 

! ++ 

1 

++++ 1 



_ 

Heat denalnr- 
edserum glo 
bulln 

NaCl 

+ + + + 

+ + + + 

+ + + '^ 
+ + + + 1 

++ 

++++ 

++++ 

1 

+ + + H 

+ 

• 


^ Brown and Broom (1929) attach special importance to the reductum of 
charg'e that may occur on sensitization They consider that the absence of 
haemolysis on addition of complement in the absence gf salt is due to the 
high negative charge of the particles . they misrepresent the work of Coulter 
(1920-1, b), which shows that at the pH used in immnmty reactions the 
amount of haemolysm combined with the red corpuscles is much reduced 
in the absence of s^t 
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As shown in Table XX salt concentration plays the same part m the 
flocculation of the antigen-antibody compound m precipitm reactions 
as m the production of agglutmation m agglutmm reactions Floccu- 
lation also does not occur in salt-free mixtures of diphtheria toxm and 
antitoxm 


C Effect of Low Salt Concentration 

When the amount of agglutmm added to bacteria is very small, 
agglutmation may occur only withm a hmited range of salt con- 
centration (about 0 1 N according to Streng, 1909, and Northrop 
and de Kruif, 1921-1922, b) Duncan (1934 and 1937) has found 
that it is necessary to consider the three variables — concentration 
of the bactenal suspension, concentration of agglutinating serum, 
and concentration of salt Usmg smooth non-flageUated strains of 
B typhosus and B entendiks (Gaertner), 8 X 10* organisms per c c , 
he found that, with the minimum serum concentration, complete 
agglutination occurred only m the presence of 0 0044 N sodium 
chloride As the serum concentration was raised agglutination also 
occurred in higher salt concentrations , but would no longer occur 
m concentrations as low as 0 0044 N At 1/5 dilution of a serum 
complete agglutination occurred from 0 018 N to 1 1 N salt 
Flagellated bacteria were agglutmated by mmimum amounts of 
flagellar agglutmm only at a sodium cUoride concentration of 
0 0175 N , when the ratio of agglutinin to bacteria was raised, by 
varying either the serum concentration or the concentration of the 
bacteria, agglutination took place both at higher and lower salt con- 
centrations (as found by Northrop and de Kruif) The minimum salt 
concentration at which agglutmation would occur depended on the 
ratio of the concentrations of serum and bacteria, and not on the 
serum concentration alone 

The differences in the behaviour of flagellated and non-flageUated 
bactena may be, in part, due to the differences of surface potential 
Smooth non-flageUated bacteria have very low surface potentials , 
this potential is slightly raised when they are lightly sensitized It 
requires but low concentrations of salt to reduce this potential below 
the level needed to keep the bactena apart , when they are more 
highly sensitized and therefore have a somewhat higher surface 
potential the salt concentration required is slightly higher It is 
necessary, however, to attnbute a slight dispersive effect even to 
salt concentrations above the low level 0 007 M, to account for the 
failure of agglutmation with higher salt concentrations when the 
sensitization is light With flagellated bactena the salt concentration 
(0 0175 N) at which agglutmation takes place with the mmimum 
agglutmm is probably determmed mainly by the degree of com- 
bination of agglutmm with bactena, since maximum combmation 
occurs at a near salt concentration (0 009 N) It is probable, 
however, that many factors such as the degree of aggregation of 
both the antigenic constituents of bactena and of antibody are 
concerned m these effects of varied salt concentration 
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Duncan (1937) studied the salt concentration at which suspensions 
of bacteria were agglutinated most rapidly in the presence of anti- 
serum He called these concentrations " salt optima ", on analogy 
with the optima found m the zone phenomenon , they are not the 
same as the salt concentrations m which the mmrmum ratio of serum 
to bacteria wUl produce agglutmation These optimum salt con- 
centrations are close to the concentrations at which maximum 
antibody is bound by the bacteria 

D Effect of High Salt Concentration 

Stronger concentrations of salt, e g 2 N, mhibit precipitin and 
agglutmin reactions (Streng, 1909 , Fnedberger and Goldschmidt, 
1910 . Landstemer and Welecki, 1911) Agglutination is delayed in 
sodium chloride solutions over 0 5 N , precipitm reactions are delayed 
m concentrations over 0 2 N (Eagle, 1932), but stdl occur m 1 N 
solutions (Dean, 1931) Heidelberger, Kendall and Teorell (1936) 
found that the maximum antibody nitrogen precipitated by S S S III 
from antibody solutions, was reduced by high salt concentrations 
(Table XXI) No definite difference was found between the effects of 
mono- and divalent kations, and of mono- and divalent anions , the 
tetravalent ferrocyamde amon definitely counteracted the salt con- 
centration effect The amount of precipitate formed by egg albumm 
and the correspondmg rabbit antiserum was not affected by salt 
concentrations up to 1 75 M except m the region of antigen excess 
The flocculation of diphtheria toxm-antitoxin is delayed in high salt 
concentrations (Schmidt, 1930, a) , the order of efficiency of anions in 
this inhibition (excluding those which affect pH) is the Hofmeister series 
-C104> -SCN> -C103> -N03> -Br> -I03> 

-S03> -Cl> -N03> -F 
Marrack and Smith (1930) found that diphtheria toxm-antitoxm 
floccules were dispersed by strong salt solutions , the order of 
efficiency was salicylate > — 1> — SCN > — Br>— NO3 Moderate 
variations in the concentration of salt (eg 0 06 to 0 15 N NaCl) 
caused no variation in the amount of precipitate in a precipitin 
reaction (Marrack and Smith, 1931, a) at optimum proportions 

Table XXI 


Effect of high salt concentration on amount of precipitate [Heidelberger 
Kendall and Teorell, 1936) in mg of nitrogen per 1 cc of serum 



Molar Salt Concentration 

0 1 1 

1 0 15 1 

0 51 

0 93 1 

1 79 

S S S III and horse anti- 

1 78 

1 66 

1 54 

1 28 

1 22 

pneumococcal serum 






is S S III and rabbit 


1 04 


0 39 


an tipneumococcal 






serum 






albumin and rabbit 


1 32 

1 32 


1 32 

antiserum 

1 

1 
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Table XXII 

Rdaiton to pH agglutination of typhoid bactlh by immune and normal 
serum (Northrop and de Kruif, 1921-2, b) 


Concentration of immune serum 


5/70 000 

37/7,000,000 

75 611000,000 

7 811,000,000 

3 911,000,000 

0 

pH8 5 

C 

C 


+ -I- 

_ 



.,7 5 

C 

C 


+ + 

+ 

— 

— 

,.5 5 

C 

C 


+ + 

+ 

— 

— 

S 2 

C 

C 


C 


Tr 

— 

. 5 0 

C 

C 


c 

+ + 

+ 

— 

.,4 6 

C 

C 


c 

c 

C 

Tr 

,.3 9 

c 

C 


c 

c 

C 

C 

.,3 3 

-1- 

-I- + 


c 

c 

c 

C 

„ 2 7 

+ 

-1- 


+ 

-1- 

-1- 

+ 



Concentration of normal 

serum 




2/7,000 

1 6110 000 

2 5110,000 

1 7 25110,000 

1 5/700 000 

0 

pH 5 0 

Tr 







,,4 7 

-t 

Tr 


— 

— 

— 

Tr 

..4 4 

+ 

Tr 



+-I- 

-H-l- 

Tr 

,.3 9 

— 

+ 


c 

c 

r 

C 

.,3 3 

““ 

+ 


+ 

+ + 

-I- + 

C 


E Effect of Hydrogen-ion Concentration 
Michaelis and Davidsohn (1912) found that agglutinin and preci- 
pitin reactions were little affected by the reaction between pH 5 and 9 
The effect of pH on agglutinin reactions is illustrated by Table XXII 
and Fig XXI With the higher antibody concentrations complete 
agglutmation occurs over a wide range, with lower concentrations the 
effect of immune serum merges mto that found with normal serum 
and with other proteins (see Chap I) and agglutination occurs only 
at low pH levels The measurements of Northrop and de Kruif 
(1921-2, b) show that with these low concentrations of antibody the* 
surface potential lies below the critical level at the lower pH levels, 
but not at pH 6 or over (Fig XXI) This shift of the optimum pH 
towards lower levels, when the antibody concentration is reduced, 
IS accounted for by the low isoelectric point of the bactena The 
optimum pH for the agglutination of unsensitized red blood corpuscles 
is higher — pH 4 7 — than that for the agglutmation of unsensitized 
bactena , the optimum pH for the agglutmation of red corpuscles, 
sensitized with mmimal amounts of agglutinin, is accordmgly higher 
— about pH 5 3 (Coulter, 1920-1, a) 

It is more difficult to explam the observation of Michaehs and 
Davidsohn (1912) with a precipitm reaction in which the antigen was 
sheep serum As the ratio of antibody to antigen was mcreased the 
pH range m which precipitation occurred shifted to the alkahne side 
As the isoelectnc pomts of antigen and antibody must be about the 
same it would be expected that the pH optimum for precipitation 
would not be altered by altermg the proportion of antigen to antibody. 
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It IS possible that the optimum pH for the precipitation of the anti- 
body used m these experiments was, like that of the pneumococcal 
antibodies, about pH 7 

Sobotkaand Friedlander (1928) found that, with reduction of pH, 
the minimum concentration of specific pneumococcal polysaccharide 
required to produce a precipitate with higher concentrations of anti- 
serum (e g 1/20), was reduced This may be ascribed to the lower 
charge at the lower pH levels They also found, using citrate bufEers, 
that with low concentrations of antibody and high concentrations of 
antigen precipitation did not occur at the lower pH levels (e g 
pH 5) This may have been due to a special effect of the citrate ion 



Fig XXI Effect of immune and normal sera on the surface potential of 
tjrphoid bacilli at vanous pH levels Unbroken lines = agglutination 
(Northrop and de Kruif, 1921-2, a and b) 

Mason (1922) found that precipitation reactions occurred between 
pH 4 5 and 9 5, outside this range immune precipitates dissolved 
Watson and Longstaff (1926) found that flocculation of purified 
diphtheria toxoid and antitoxm is greatly delayed at pH 9 and 10. 
Accordmg to Schmidt (1930, c) the rapidity of flocculation of diph- 
thena toxin and antitoxm is almost constant from pH 5 55 to pH 8 
At pH 4 5, 4 95, and 9 5 flocculation is very slow, and it does not 
occur at pH 10 Diphthena toxm-antitoxm floccules suspended m a 
weak NaCl solution (about 0 01 N) begin to disperse at about 
pH 9 and pH 4, and give a clear solution at pH 3 Brown (1935) 
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found the precipitate formation by S S S I and antiserum is delayed 
below pH 6 0 

Within moderate pH ranges (e g 6 6-8 0) the amount of preci- 
pitate IS constant , this was fotmd by Marrack and Smith (1930, 
1931, a) with the antigens diphtheria toxin and serum globuhn 
and the corresponding antibodies at optimum proportions , also 
by Heidelberger and Kendall (1935, c and d) with egg albumm and an 
azo-protein as antigens In the case of egg albumin there was no 
reduction of the amount of precipitates obtamed at pH 6 36 even in 
the inhibition zone , with the azo-protem the gradient of the 
inhibition zone was possibly slightly steeper at pH 6 7 than at 7 9 

The titration curve of diphtheria toxm-antitoxm floccules resembles 
that of serum pseudoglobulm (Marrack and Smith, 1930) Hirsch 
(1922) described changes m the pH in immunity reactions such as 
would lesult from the union of a weak acid with a strong base In 
these experiments large amounts of buffer substances were present 
which would conceal any change that might occur, and apparently no 
precautions were taken to prevent changes of reaction from othei 
causes Smith and Marrack (1930, a), avoiding these objections as 
far as possible, found no change of pH 

F Effect of Temperature 

The rate of precipitation or agglutmation usually nses rapidly from 
0° to 30° C Above 30° the rate stiU mcreases, but less rapidly, and 
the reaction may sometimes be slower at 56° C than at 37° C (Eagle, 
1932) Above 56° C the antibody begins to be affected In some 
cases the inhibiting effect of higher temperatures is more striking 
Ottensooser (1923) found that the precipitate formed by egg albumin 
and antibody dissolved at 55° C , the precipitate did not form again on 
cooling, so that it appears that the antibody or antigen may have been 
damaged even by this temperature However, Heidelberger and 
Kendall (1929, c) found that the precipitate formed by Type III 
pneumococcal polysacchande and antibody, m certain proportions, 
dissolved on warming from 0° C to 37° C or even to room tempera- 
ture, and reappeared on cooling Later (1935, b) they showed that, 
over the whole range of antibody/antigen ratios, the amount of 
protein precipitated by S S S III from horse antiserum at 37° C 
was considerably less than that precipitated at 0° C In contrast 
with this the amount and composition of precipitates formed by azo- 
protein and by egg albumin and the correspondmg rabbit antisera 
are little affected by change of temperature from 37° to 0° C 
(Heidelberger and Kendall, 1935, c and d) Duncan (1932, a) found 
that resolution of the precipitate formed by yeast gum and anti- 
serum occurred at 50° C , followed by slow re-precipitation on coolmg 
Dean (1912) obtamed similar results with an extract of B typhosus 
and antityphoid serum He connected this with the bmdmg of 
complement, but complement cannot have been mvolved m the 
experiment of Heidelberger and Kendall (1929, c) m which purified, 
matured antibody was used 
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Bayne-Jones (1925) descnbed a surprisingly high heat formation 
in the neutralization of toxm by antitoxin , Smith and Marrack 
(1930, a) were unable to confirm this 

G Effect of Changes in Antisera 

Reduction or disappearance of agglutination or precipitation may 
result from changes m antibody by which the power of combining 
with antigen is unaffected Diphtheria antitoxm precipitated with 
sodium sulphate neutralizes toxm, but does not flocculate Ramon 
(1922, c) prepared a pseudoglobulm fraction from diphthena antitoxic 
serum which would not flocculate with toxm Jones (1928, a) found 
that hog-cholera agglutinin heated at 75° C for 30' would not aggluti- 
nate bacteria, but apparently combmed with them as it rendered 
them magglutmable by unheated agglutinin The effects of various 
chemical treatments of the proteins of antisera on their antibody 
properties has been mentioned in Chapter II, and wfll be discussed 
further m the section dealmg with the unitanan hypothesis The 
effects of extracting alcohol- and ether-soluble substances will be 
discussed later (Section L ) 

H Effect of non-specific Serum Proteins 

In view of the protective and precipitating effects of proteins 
(Chap I) it is to be expected that non-specific proteins may affect 
agglutmation and precipitin reactions and that the effect may be in 
either direction Dean (1912) found that euglobulm, prepared from 
noimal guinea-pig serum by dilution and the passage of COj, increased 
the degree of precipitation or agglutination when antigen was m 
excess The active substance was not destroyed by heatmg at 56° C. 
for half an hour Eagle (1930, a) showed that the fraction of fresh 
normal serum which accelerated the agglutination of sensitized red 
blood corpuscles was that precipitated by dilution and the passage of 
COj The acceleration ran parallel to the mid-piece complementary 
activity of the serum, and the effect of heated serum was due to 
residual mid-piece, not destroyed by the heating Marrack and Smith 
(1931, b) found that the addition of normal rabbit serum increased the 
amount of precipitate formed by azo-protein and precipitin only when 
the antigen was m excess , but that the precipitate formed by lodo- 
protem and the correspondmg precipitin was increased even at 
optimum proportions. The ratio of antigen to total protein m the 
precipitate was not affected in either case The normal serum 
therefore seems to have caused more complete precipitation of the 
antigen-antibody compound Sobotka and FnedLander (1928) found 
that the addition of normal horse serum considerably increased the 
dilution of antibody which would give a precipitate on the addition 
of specific polysacchande Such effects, however, are by no means 
mvanable Addition of non-specific protems may have no effect 
Dean(1912) did not demonstrate any difference when antigen was not 
m excess Marrack and Smith (1931, a) found that guinea-pig 
euglobuhn, fresh gumea-pig serum, or human serum did not affect 
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theiamount of precipitate m a precipitin reaction, even when antigen 
was in considerable excess , they also found the addition of non- 
speciEc proteins had no effect on the amount of precipitate obtained 
from balanced mixtures of diphthena toxin and antitoxm An 
opposite effect, reduction of the sensitivity of the reaction, has been 
noted by Sobotka and Fnedlander (1928) when antibody was m 
excess White (1931) found that the somatic agglutmation of the 
salmonella group was mhibited by normal rat- or rabbit-serum, and 
that the addition of fresh serum, diluted 1/5 to 1/20, to agglutmated 
bacteria caused their more or less complete dispersal On the other 
hand, accordmg to Duncan (1934), normal serum, in a final concen- 
tration as high as 1/16, shghtly retards somatic agglutmation of 
Flexner dysentery bacilh (smooth and non-flagellated) when the 
amount of antibody corresponds to the j6 ratio (see Section M, 2 ) 
When either antibody or antigen is m excess norm^ serum accelerates 
agglutmation and extends the range of antibody dilution that wiU 
produce complete agglutmation 

Maltaner and Johnston (1921) consider that the effect of fresh 
serum on the rate and completeness of agglutmation is due to residual 
fibrmogen m the serum It is probable that the action is a complex 
one , m some cases residual fibrmogen may be the most active con- 
stituent in the serum, in other cases the antagonistic actions of serum 
albumm and globulin may be mvolved, as m the sedimentation of red 
blood corpuscles (see Chap I) 

I Effect of non-specific Organic Substances 

Various organic substances have an inhibiting effect on the preci- 
pitin and agglutmin reactions The explanation given of the protec- 
tive action of these substances is that they form a layer on particles, 
the polar groups of the layer bemg turned towards the water 
Landstemer and Welecki (1911) found that cane sugar m concentra- 
tions over normal (34 per cent ) reduced the amount of precipitate m 
precipitm reactions Glucose m normal (19 8 per cent ) or twice 
normal concentration reduced the amount of precipitate m precipitin 
reactions (Landstemer and Welecki, 1911) or inhibited the reaction 
altogether (Downs and Goodner, 1926) , concentrations of 50 to 100 
per cent inhibited agglutination reactions (Kritschewski and Awrech, 
1929) Bayer 205, which m 0 1 per cent concentration prevents the 
coagulation of albumm by tannm, by mercuric chlonde and by 
boding (Jirovec and Kocian, 1930), inhibits bacterial agglutmation m 
2 per cent concentration, and precipitin reactions m 4 to 6 per cent 
concentration (Kritschewski and Awrech, 1929) Eisenberg and 
Volk (1902) found that saturated solutions of urea considerably 
mcreased the amount of agglutmm to produce agglutmation, and 
reduced the combmation between agglutmm and bacteria But 
Landstemer and Welecki (1911) found that 12 per cent solutions 
(2 N) had no effect on precipitm reactions 

Surpnsmgly httle work has been done on the effects of surface- 
active substances on immunity reactions. Takenomata (1924) 
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found that saponin checked precipitin, but not agglutmin, react»ns 
Presumably the extent of the mhibition depends on (1) the relative 
stren^h of the non-specific attraction of the antigen surface for 
saponin and the specific attraction of this surface for the antibody, 
and (2) the attraction for water of the molecules of saponm which 
have been adsorbed on areas of antigen-antibody complex other than 
the specific combmmg sites, which prevents aggregation 

J Nature of Antigen- Antibody Precipitate 
1 CompostUon 

The pnncipal constituent of antigen-antibody precipitates is protem 
derived from the antiserum Antigen is also present and suitable 
antigens can be recognized and recovered The ratio of antibody to 
antigen in the precipitate and its relation to the proportions in which 
the reagents are muted wdl be discussed later Numerous analyses 
(Table XV, p 62) suggest that these precipitates cannot contam large 
amounts of material other than protein Douglas and Dudley 
(quoted by Hartley, 1925, b) found 25 per cent of the precipitate 
from a precipitin reaction soluble m fat-solvents Marrack and 
Smith (1930, 1931, a) found less than 1 per cent of such material 
in diphtheria toxin-antitoxin floccules, and m the precipitate formed 
by horse pseudo-globulm and its precipitm they could not detect 
the presence of cholesterol Breinl and Haurowitz (1930) found, m 
the precipitate given by haemoglobin and antiserum, from 2 to 8 
per cent of lipm, m which no galactose, phosphorus, or cholesterol 
was detectable The high percentage of lipin found in diphtheria 
toxm-antitoxin floccules by Flossner and Kutscher (1924) was 
probably due to the greater part of the protein being removed by 
washing with distilled water The ammonium phosphate which 
they also found must have been an accidental contamination from 
the toxin broth 

The amount and nature of the hpm in specific precipitates formed 
by S S S I has been more fuUy studied by Horsfall and Goodner 
(1936, a and b) When the concentration of antiserum in the 
reacting mixture was kept constant and the antigen varied the 
amount of hpm m the precipitate was approximately constant 
The hpm therefore formed a high proportion (up to 58 per cent ) of 
the precipitate when this was small, and a low proportion (down 
to 3 8 per cent ) when the precipitate was large The hpm consisted 
of free cholesterol, cholesterol esters and phosphatides The pre- 
cipitates from rabbit antisera contained very little hpm ammo N, 
which mdicates that the phosphatide was not cephahn Half the 
hpm N of precipitates from horse serum was amino N 

2 Solubthty 

Wu, Sah, and Li (1929), working with lodo-protems as antigens, 
found the amount of precipitate httle affected by washing with 0 9 
per cent NaCl solution This was also found by Heidelberger and 
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KentJall (1933) using S S S III as antigen, and by Taylor, Adair 
and Adair (1934) with egg albumin as antigen Heidelberger and 
Kendall also obtamed the same values for the precipitate nitrogen 
whether this was estimated directly, after washing, or mdirectly by 
subtractmg the nitrogen m the supernatant fluid from that ongmal 
present in the reactmg mixture However, Felton (1932) found 
that, when the precipitates formed by S S S I and II and horse 
antipneumococcal sera were washed with 0 85 per cent solution 
of NaCl contammg 1 /20.000 S S S , the washmgs contained 0 04 
and 0 06 mg of N (0 25 and 0 38 mg of protem) mice In 
this instance a small amount of antibody may have dissolved out 
in combmation with excess of antigen m the washmg fluid 
The effect of dilutmg the reacting mixture of antigen and antibody 
has been studied by Marrack and Smith (1931, a) usmg horse pseudo- 
globulm as antigen, and by Heidelberger and Kendall (1935, a and d) 
with S S S III and egg albumm as antigens With the protem antigens 
the reduction of the amount of precipitate when the volume was 
increased mdicated a solubility of about 0 003 to 0 005 mg N 
mice But with S S S III dilution caused little or no reduction 
m the amount of precipitate Solution of antigen-antibody com- 
pounds may be due to the so ubdity of these compounds as 
such, or to their dissociation into its constituents We have 
evidence of dissociation m the effects of dilution on neutral 
mixtures of diphtheria toxin and weakly avid antitoxm, which is 
the basis of the dilution ratio of Glenny and Barr (1932) Antigen- 
antibody precipitates appear to become less soluble on keeping , 
this applies particularly to diphtheria toxin-antitoxm floccules ^ A 
further relatively irreversible change appears to take place 

The question whether antigen and antibody can exist together in 
solution IS closely connected with the solubUity of the precipitate. 
As the ratio of antigen to antibody is increased considerably above 
optimum proportions, the amount of globuhn precipitated from a 
given amount of antiserum and the proportion of the antigen added 
that IS precipitated both dimmish (Marrack and Smith, 1931, b) It 
IS obvious that, under these conditions, a certam amount of both 
antibody and antigen has not been precipitated Dean (1931) 
reports that at optimum proportions both antigen and antibody dis- 
appear almost completely from the supernatant fluid m a precipitin 
reaction Culbertson (1932), usmg egg-albumm as antigen, could 
detect neither antigen nor antibody m the supernatant fluid at the 
neutral point This was also found by Taylor, Adair and Adair 
(1934) and Heidelberger and Kendall (1935, d) On the other hand, 
Heidelberger and Kendall (1929, c, 1935, b) found that, with S S S III 
as antigen, both antigen and antibody rmght, m some cases, be 
present m the supernatant fluid Taylor, Adair and Adair found 
both antigen and antibody m the supiematant fluid, at optimum 
proportions of serum albumm and antiserum Th e simultaneous 

* Also Ottensooser (1923) found that precipitates kept 24 hours would not 
dissolve on heating to 55° C , although fresh precipitates would dissolve 
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presence of unprecipitated antigen and antibody was probably due to 
non-uniformity of both At a certam ratio, modified antigen and 
weak antibody are left m the supernatant Neither of these will 
form a precipitate with the other , but the modified antigen will 
form a precipitate with more active antibody, and the weak antibody 
with-unmodified antigen Preparations of Type III polysaccharide are 
not uniform (Heidelberger, Kendall and Scherp, 1936), nor are the 
antibody molecules of antipneumococcal sera (Heidelberger and 
Kendall. 1935, b) There is evidence that preparations of serum 
albumm, such as were used by Taylor, Adair and Adair, are not 
uniform When coloured antigens, such as azo-protems, are used, 
mcomplete precipitation, even at optimum proportions, may be 
inferred from the colour of the supernatant fluid This colour is not 
due to non-protein impurities, as it is practically completely removed 
by excess of antibody Heidelberger and Kendall (1935, c) have shoivn 
in the case of one azo-protein antigen that a proportion, depending on 
the antiserum used, is not precipitated by antiserum It is probable 
that discrepancies between the results found by various workers 
are due to variations in the firmness of combmation of antigen and 
antibody, the degree of uniformity of antigen and antibody, and of 
the extent to which irreversible changes of the antigen-antibody 
complex occur 

3 Reversibthty of the Reaction 

Unless it is assumed that antigen and antibody form irreversible 
compounds it is difficult to explam the observation that the com- 
position of precipitate in a precipitation reaction depends not on 
the final concentration of antigen and antibody in the supernatant 
fluid, but on the total amounts of these present (Heidelberger and 
Kendall, 1935, b) Other evidence suggests that the reversibflity 
of these reactions vanes considerably If a reacfion is reversible 
the same result should be obtamed from the mixture of given 
amounts of the vanous reagents, m whatever order they are mixed 
The familiar example of irreversibility is the Danysz reaction given 
by diphthena and tetanus toxin and the correspondmg antitoxms * 
A more stnkmg example is that described by Burnet (1931, a) He 
found that the compound of staphylococcal toxm or toxoid with 
antitoxin became iireversible within five mmutes Ramon (1930) 
found that a lethal dose of diphthena toxm was displaced from 
combmation with a slowly flocculatmg antibody by one-fifth the 
amount of toxoid that was required to displace it from a rapidly 
flocculatmg antibody This is presumably due to differences m the 

' The phenomenon studied by Heidelberger and Kendall (1935, b] is not 
stnctly comparable They found that, lor example, a given amount of 
S S S III precipitated more antibody from a given volume of an antibody 
solution if it was added m a senes of small parts (each added after the preci- 
pitate formed by the previous part had been removed) than if it was ^ded 
all together This phenomenon depends solely on the fact that the ratio of 
antibody to antigen in the precipitate is higher when antibody is in excess, 
and not on irreversibihty. 

l«o2i) Ra 
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degree of reversibility of the combination of toxm and antitoxm, or 
of secondary changes In the case of diphtheria toxm and excess of 
antitoxm, however, we are not deahng with true irreversibihty but 
slow reversibihty Healey and Pmfield (1935) have shown that the 
amount of antitoxm finally left free is the same, depending solely 
on the final amounts of toxm and antitoxm present m the mixture, 
whether this is made by mixmg toxm and antitoxm directly 
m the final proportions, or by mixing a neutral mixture of toxm 
and antitoxm, after flocculation, with excess of antitoxm and 
allowing to stand 

The Danysz phenomenon can also be demonstrated by the Ramon 
flocculation method If 1 c c of toxm is mixed with a series of doses 
of antitoxm and later another c c of toxm is added, flocculation 
occurs first m a tube contammg more antitoxin than would be con- 
tained m the tube that would flocculate first if the antitoxm were 
added to the whole 2 c c of toxm at once 

Although the combmation of haemolysin with led blood corpuscles 
was found by Cromwell (1923) to be completely reversible, a pheno- 
menon similar to that of Danysz was observed by Philosophow (1909) 
He added an excess of haemolysin to a given amount of red blood 
corpuscles , after standmg, these were centrifuged off and added to 
a second equal amount of red corpuscles The second batch of cor- 
puscles was haemolysed to some extent This haemolysis must have 
been produced by haemolysin rendered available by reversal of its 
combmation with the first batch If six or more haemolytic doses 
were added to the first lot of corpuscles haemolysis of the second 
batch was complete, so that one haemolytic dose must have been 
given up by the first batch Only a trace of haemolysin was left 
m the supernatant fluid from the first batch when six haemolytic 
doses were added If less than six doses were added to the first 
batch, haemolysis of the second batch was not complete So that 
whereas the two batches of corpuscles, if added to haemolysin m one 
lot, would only require two doses of haemolysm to produce complete 
haemolysis, they required six then added m two lots The disso- 
ciation of haemolysm took place more rapidly at 40° C than at 20° C 
or 0° C It was not affected by the length of time that the first batch 
of corpuscles was left m contact with haemolysin If, instead of 
0 85 per cent NaCl, isotonic solutions of KCl or CaCl^ were used for 
dilution, the dissociation of the haemolysm from the first batch of red 
corpuscles was complete and only two doses were required to 
haemolyse the two batches of red corpuscles added m sequence 

No precipitate is formed m precipitin reactions when antibody is 
added to a considerable excess of antigen If the process was fully 
reversible an antigen-antibody precipitate should dissolve m a strong 
solution of antigen Breml and Haurowitz (1930), however, found that 
the haemoglobm-antihaemoglobm precipitate would not dissolve in 
haemoglobm solution Sobotka and Friedlander (1928) found that the 
precipitate formed by Types I and II pneumococcal antibodies and 
antisera, after bemg kept 24 hours, would not dissolve in 0 1 per cent 
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solution of homologous polysacchande Heidelberger and Kendall 
(1929, c), however, found that T 5 rpe III polysacdiande-antibody 
precipitate, also kept 24 hours, would dissolve in 1 per cent poly- 
saccharide solution Healey and Pinfield (1935) found that 
diphtheria-toxm-antitoxin floccules would dissolve m excess either 
of antibody or antigen The precipitate formed by haemocyanm 
and antibody dissolves on standmg overnight m excess antigen 
(Hooker and Boyd. 1936) Precipitates formed by azo-proteins and 
antibodies dissolve in excess of simple substances containing the 
determinant group (Landsteiner, 1921) 

K Nature of the Secondary Reaction between Antigen 
AND Antibody 

Smce the antibody globulin coats sensitized particulate antigens 
and forms the greater part of antigen-antibody precipitates, the new 
properties of the antigen-antibody complex may be ascribed to 
changes in the antibody globulin It appears that these properties are 
very similar to those of proteins denatured, for example, by heat 
Heat-denatured proteins are flocculated when their surface potential 
has fallen below a critical level, and the flocculation of heat-denatured 
serum proteins is inhibited similarly in the presence of higher salt 
concentrations (Chick and Martin, 1912) The efficiency of different 
salts, and the concentrations required for peptizing proteins which 
have been denatured by heat and flocculated (Wdlheim, 1929), is 
simdar to that found for peptizing diphtheria-toxin-antitoxin floccules 
Heat-denatured serum proteins are peptized by acid and alkali in low 
salt concentrations, as are antibody-antigen precipitates The solu- 
bility of proteins precipitated by alcohol undergoes a gradual diminu- 
tion on standing, similar to that found with some antigen-antibody 
precipitates (Merrill and Fleischer, 1932) 

Eagle (1930, b) has emphasized this similarity to the denaturation 
of protein by heat and in other ways He has suggested that the loss 
of affinity for water is due to the formation of a layer of antibody 
globulin on the antigen, with the polar groups of the antibody turned 
towards polar groups of the antigen, and the non-polar groups of the 
antibody turned towards the water ^ Such a film would resemble a 
condensed protein film (see Chap I) except that the polar groups 
would be turned away from the water mstead of towards it Such a 
change need not involve a drastic rearrangement of the protein 
molecule, if the formation of a layer mvolves only the separation of 
laminae, or even the unfolding of a lamina that was folded up into 
a globular form, as suggested by Wrinch (1937) However, two 
considerations make it seem unlikely that the antibody is spread 
in a thin film on the surface of the antigen In the first place, the 
whole surface of one molecule of globulin could be covered by another 
in a layer about 10 A thick In actual fact we find that when serum 

1 In the case of egg albumin the formation of surface films leads to denatura- 
tion This, however, does not appear to be the case with plasma proteins 
(Wu and Ling, 1927). 
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globulin IS used as antigen and mixed with antibody in the pK>- 
portions which flocculate most rapidly, one molecule of globulin 
antigen combmes with about four antibody molecules {Marrack and 
Smith, 1931, a) If all these are m contact with the antigen they 
cannot be spread out Similarly 0 5 mg of Type III pneumococci 
polysaccharide combmes with 27 mg of antibody globulin (Heidel- 
berger and Kendall, 1929, c) Even if the polysacchande was 
spread as a thm sheet, thus presentmg the maximum surface and 
antibody was deposited on both sides, the protem layer would be 
over 27 A thick Boyd and Hooker (1934, 1936) calculate that, 
at optimum proportions, the antigen is coated by a layer of antibody 
equivalent to a senes of spheres of diameter approximately 44 A 

Also, if, as suggested by Eagle, the polar groups of the antibody 
protem are turned towards the antigen and non-polar parts are turned 
towards the water, the electro-kmetic properties of the antigen- 
antibody complex should resemble those of particles of some non- 
polar substance such as paraffin od, and not, as actually found, 
those of protein 

The differences of molecular arrangement of the antibody when 
adsorbed on the surface of water and when adsorbed to antigen would 
he m this , the water strongly attracts all polar groups, and the anti- 
body molecule is spread out to brmg the maximum number of these 
in contact with the water surface On the other hand, the antigen 
strongly attracts only certain patches on the surface of the antibody , 
these patches are brought mto contact with the determinant sites 
of the antigen, but no great distortion of the antibody molecule 
IS possible , only such as wiU not seriously affect the surface character 

It has been pointed out that completely denatured proteins have 
reverted to the fibrous form, a change detectable by X-ray analysis 
Two specific precipitates from anti-pneumococcal sera Tjrpes I and II 
exammed by Astbury (private communication) without drying 
were not m the fibrous form , there was no evidence that the protem 
has changed from the globular form A complete denaturation 
comparable to that producible by heat can therefore be ruled out 

When we consider the close packing of antibody molecules round 
the antigen, it does not appear necessary to invoke any special 
process of denaturation to account for the formation of aggregates 
When the antibody molecules are attached to the antigen (Fig 
XXIIa), the polar groups, on which the solubility of the antibody 
globulin normally depends, are brought mto 'apposition with each 
other, and attract each other instead of water molecules^ (see Chap I, 
p 20) The effect of such close packmg on the accessibility of polar 
groups to water is well illustrated m the case of the fibrous protems 
(Jordan Lloyd, 1933) Only the polar groups on the free surface are 
left available for bmdmg water If these are msufficient to keep the 
complex m solution, the complexes will aggregate if the surface 

^ The titration curve of the antibody globulin need not be altered by this 
union That of wool keratin is not afiected by the binding together of the 
chains. 
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potential IS below a cntical level If the antibody molecule has>more 
than one adsorbmg site it is possible that the complexes may be 
bound together m a coarse lattice such as is shown diagranunaticaUy 
m two dimensions in Fig XXIIb This view differs from the 
hypothesis that the antibody globulm is denatured m that the 
aggregation of the particles of antibody combmed with antigen 
is ascnbed not only to a loss of attraction for water, but also 
to a specific attraction between the particles This mutual attrac- 
tion is due to the Imk provided by further antigen molecules * 
Differences m the structures thus formed would account for the 
macroscopic differences between the precipitates formed m different 
reactions Polysaccharide antigens, for example, which probably 



Fig XXII Diagrams of possible arrangements of antigen and antibody 
molecules in the complex (a) simple unit , (b) complex structure at optimum 
proportions , (c) antigen excess , (d) antibody excess , (e) antigen excess , 

(f) antibody and haptene 

form long chain molecules (Heidelberger and Kendall, 1932, a), can 
bind together a large structure, forming disk-hke coherent precipi- 
tates, unlike the granular precipitates formed by most protem 
antigens 

Certam antigens are undoubtedly multivalent Type III poly- 
sacchande is a pol 5 mier of an aldobionic acid, and must contam the 
combining groups repeated many times The synthetic azo-protems 

* Reduction of the charges on the particles by moderate salt concentrations 
wiU assist their aggregation whether this be due to loss of attraction for 
water or a specific mutual attraction For example, on the alkalme sid( of 
the isoelectric pomt, the combination of nucleic acid (negatively charged) and 
egg albumin (also negatively charged) only occurs in the presence of salt , on 
the other hand, salt reduces the combination between nucleic acid and 
albumm (positively charged) on the acid side of the isoelectnc pomt (Przylecki 
and Grmberg, 1933) 
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do not form precipitates with antibody unless they contam several 
determmant groups to the molecule For example, antigens formed 
from ^-ammo-benzene-arsmic acid must contam at least one per cent 
of arsenic (Hooker and Boyd, 1932) It has already been 
suggested m Chapter III that natural protem antigens have several 
determmant groups per molecule In the same way it may be 
expected that the antibody sites are repeated m the antibody 
protem molecule 

If both antigens and antibodies have several combining groups per 
molecule it seems that this specific combination must play a part m 
the formation of aggregates This may, however, not be the only 
factor The environment of antibody molecules when attached to 
antigen is entirely different from that of molecules in solution In 
solution the antibody protem molecules take up the position that 
wiU expose the maximum number of polar groups to the freely 
moving polar water molecules and to ions m solution But relative 
movements of the polar groups of the antigens are limited, even if the 
antigen molecules are susceptible to a considerable degree of defor- 
mation Apart from the attraction between non-specific polar 
groups, there is the special attraction between binding sites and 
determmant groups, whose relative movement is again limited The 
antibody molecules must therefore be subject to some degree of 
deformation This deformation is comparable to the spreading 
out of proteins on water, being also produced by the attraction of 
polar groups whose range of movement is hmited, though the 
resultant distortion may be entirely different But because of the 
mutual attraction between polar groups of antigen and antibody, 
to the exclusion of the polar water molecules, the solubility of the 
antibody will be reduced 

It IS, therefore, suggested that aggregates of antibody and antigen 
are built up by union of specific bonds, and that the solubility of 
the aggregates is reduced by distortion of the antibody molecules, 
with blockmg of polar groups 

Four attempts have been made to test the theory of aggregation 
by specific bonds If two antigens, gj and gj, are mixed with corre- 
sponding antibodies Aj and A^, then on the specific bond hypothesis 
gi Ai, gi Ai, gj Ai, and gj A^, ga A^, gj Aj should aggregate 
separately On the theory that aggregation is due to the non- 
specific agglutmation of hydrophobe particles of low surface 
potential, mixed aggregates gj Aj, ga Aj, shqjild form Topley, 
Wilson and Duncan (1935) found that various mtestmal bacteria 
and pneumococci agglutinate separately according to the specific 
bond theory However, Abramson (1935) obtamed mixed aggregates 
of sheeps' red blood corpuscles and Freidlander s baciUi, and Hooker 
& Boyd (pnvate communication) mixed clumps of human and 
chicken red blood corpuscles , the chicken corpuscles were distm- 
guished by their nuclei 

Also Hooker (1936) found that the rate of particulation m the 
region of excess antibody was proportional to the total concentration 
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of antigen, not only m a single antigen-antibody system, but also 
when two unrelated systems were mvolved 
In three of the four tests, therefore, the aggregation is non-specific 
It may be suggested that in the experiments of Topley, Wilson and 
Duncan the agglutmation of the two species of bactena were not 
exactly simultaneous However, mixed agglutmation of such 
relatively large particles does not exclude the aggregation of antigen 
and antibody molecules by specific bonds on the surface of the 
particles, with, as has been suggested above, blocking of polar groups 
and subsequent aggregation of the large particles non-specificaUy 
It was suggested m the first chapter that certam globulm molecules 
were less soluble or more readily changed into a less soluble form, and 
that this difference may possibly be due to associated lipms It is 
possible that antibody globulin molecules which have this character, 
and are therefore more easily precipitated in the various fractionation 
methods, aggregate and form specific precipitates more readily, as 
suggested by Schmidt (1933) It is significant that the antibody to 
Pneumococcus Type III m horse antiserum is insoluble m distilled 
water and gives precipitates with fractions of the specific poly- 
saccharide formed by hydrolysis , whereas rabbit antiserum is not 
precipitated by dilution with distilled water, and will not give 
precipitates with the fractions of the polysaccharides (Heidelberger 
and Kendall, 1933) Also that the antitoxin fractions precipitated 
by the lower concentrations of ammonium sulphate form less rever- 
sible combinations with diphtheria toxm than do the fractions 
precipitated by higher concentrations (e g Glenny and Barr, 1932). 
If only two determinant groups are attached to one molecule an 

aggregate of unlimited size (AGAGAG ) can be built up 

However, the union between individual combining sites and deter- 
minant groups is weak, as noted in Chapter IV When adjacent 
molecules are held together by a few such weak bonds a large 
aggregate is liable to be shaken to pieces by thermal agitation 
Apart from this, the larger the number of molecules to which the 
determinant groups are attached the greater their relative mobility 
and the less the deformation of the antibody molecules With 
simple haptene molecules which have only one determinant group 
neither budding up of aggregates nor deformation of antibody 
molecules can, m general, occur (Fig XXII F) Landstemer and 
van der Scheer (1932), however, have found that certain relatively 
insoluble dyes formed by coupling acids such as suberandic to tyro- 
sine or resorcin ch. ch cooh 


HOOC (CH,),CO HN. 




-NH CO (CH,), COOH 


form precipitates with the antisera produced by immunizing with 
these compounds coupled to protems It is probable that these dye 
molecules are strongly aggregated themselves when m solution, and 
therefore provide a basis for the close packing of antibody molecules 
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When antigen is m excess complexes such as c or E m Fig. XXII 
wiD appear ^ Complexes such as c wJl remain soluble, as the polar 
groups of the antigen molecules are not brought together, and will 
therefore not aggregate , complexes such as E surrounded by antigen 
groups will be soluble and cannot be bound together by specific 
bonds, as none of the aggregates have any free antibody molecules on 
the surface Actually ultracentrifuge methods show that aggregates 
contammg a few molecules only are formed when antigen is m great 
excess (Heidelberger and Pedersen, 1937) When antibody is in 
excess complexes such as D will be formed which likewise cannot 
be bound together by specific bonds Consequently aggregation wiU 
be hindered when either antibody or antigen is m excess, givmg nse 
to the so-called zone phenomenon Before further theoretical 
consideration of this mhibition by excess, it is as well to discuss the 
characteristics of the zone phenomenon as actually observed 

L The Role of Lipins in Immunity Reactions 

The amount of lipm m the serum may, in some cases, be increased 
after immunization Danysz-Michel and Laskownicki (1924) found 
cholesterol increased m the serum of a rabbit immunized with B 
paratyphosus B lonesco-Mdiaiesti and Damboviceanu (1930) also 
found that cholesterol rose m the serum of a horse immunized with the 
same bacillus, reachmg a maximum at the same time as the agglutma- 
tion titre, but falling m two months although the titre remamed high 
Felton and Kauffmann (1933) found a senes of antisera to pneumo- 
coccus Types I and II to contam an average of 1 44 per cent of 
constituents soluble m alcohol and chloroform, as compared with the 
normal 1 04 per cent However, Mane (1923) found that vanous im- 
mune horse-sera contained less cholesterol than normal, and Koldaev 
(1921) that the sera of horses immunized against tetanus, diphtheria, 
and tjqihoid bacilli contamed the same amount of cholesterol as 
normal sera Danysz-Michel and Laskownicki also found that the 
injection of non-antigenic substances, such as Lugol’s solution, 
caused a nse of serum cholesterol 

Felton and Kauffmann (1933), finding that a ten tunes concentra- 
ted solution of antibody contained no higher concentration of hpm 
than normal serum, concluded that the actual increase of lipm m a 
serum cannot be essential to its antibody properties However, 
Chow and Goebel (1935) found 2 5 per cent of hpm m specially 
purified antibody globulin of which 90 per CMit was precipitable 

1 Taylor (1931) has suggested that antigen and antibody m optimum pro- 
portions are united chemically and that any further antigen is attached to the 
compound so formed by adsorption Such " adsorption ” must be regarded 
as specific , otherwise why should the homologous antigen only be adsorbed 
(see Heidelberger and Landsteiner, 1923, and Marrack and Smith, 1931, b) 
It seems superfluous to invoke two specific mechamsms by which an antibody 
can bind its antigen Comparison may be made to the surplus I~ions 
" adsorbed " by an Ag I precipitate, when I ~ is in excess In this case the 
" adsorbed ” ions ate attached to the space lattice by exactly the same forces 
as bind the Ag+ and I ~ ions in the bulk of the precipitate 
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The essential change in antisera need not be a general mcre&se of 
lipins but an increase of some special constituent, a change m the 
association of some hpoidal constituent with serum protems, or of 
the ratios m which various constituents are present Also the hpm 
normally present may be essential to some reactions 

The effect of removing alcohol- and ether-soluble substances from 
antisera, without apparent denaturation of the protems, was 
thoroughly studied by Hartley (1925, b) Horsfall and Goodner 
(1935) investigated the effect of hpm extraction on the reactions of 
Type I antipneumococcal serum In this case there is no question 
of the presence of hpiij m the pure antigen S S S I The results of 
the two investigations are most conveniently shown m Table XXIII 

Table XXIII 


Effect of extraction of Lipin on immunity reactions 


A ntiserum 

Method of 
Extraction 

Nature of 
Reaction 

Anti- 

body 

Ex- 

tracted 

Anti- 

gen 

Ex- 

tracted 

Effect 

Rabbit anti- 

horse semm 

Alcohol and 
ether in cold 

Precipitation 

No 

Yes 

Amount of preci- 
pitate and 
range of preci- 
pitation re- 

duced 




Yes 

No 


Horse diphtheria 

, , 

Flocculation 

Yes 

Yes 

No precipitate 


Yes 

No 

No flocculation 

antitoxin 






" 

■■ 

Neutralization 
of toxin 

'• 


Very slightly re- 
duced 

Horse (?) a^nst 


Agglutination 

,, 


Unaffected 

B iyphosus 






Horse against 

, 

Haemolysis 



1 1 

sheep’s red 

blood corpus- 
cles 






Human byplulitic 

■■ 

Complement 

£xation 

■■ 


No fixation 

Horse , Type I 
anti - pneumo- 
coccal 


Precipitation 

A gglutination 
Protection 

” 


No precipitate 

No agglutination 
Unaffected 

Rabbit , Type I 
anti - pneumo- 


Precipitation 

Agglutination 



Very slightly r^ 
duced 

coccal 






,, 

Alcohol, petrol 
ether and 

Precipitation 

Agglutination 

■■ 


Trace only 

Much reduced 


ether in cold 

Complement 

hxation 

Protection 

-■ 


Unaffected 

Unaffected 


Merrill and Fleisher (1932) also found that rabbit agglutmms were 
unaffected by extraction with alcohol and ether 
In general the extraction reduced the agglutmatmg and precipi- 
tating power of sera, while the combmmg and protective powers 
were unaffected The amount of extracted antitoxic serum that 
was required to prevent a skm reaction when mixed with a given 
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amojint of diphthena toxin and injected into the skin of rabbits 
was but shghtly greater than the amount of unextracted antitoxic 
antiserum required The combmation of toxm with the antitoxin 
of extracted serum must have been nearly as strong as with that of 
unextracted serum But the protective antibody of the extracted 
antipneumococcal serum was only partially removed by adsorption 
with pneumococci Some of the antibody of such sera seems to have 
lost the power of combimng with antigen The protective power 
of the serum was, however, not reduced Horsfall and Goodner 
(1935) found that if extracted serum was mjected mto the pentoneal 
cavity of mice and the pentoneal fluid was withdrawn after 30 
minutes this fluid was now able to agglutinate pneumococci 
Combmmg and agglutinating powers were therefore restored m 
VIVO , they were also restored to a considerable extent by the addition 
of suspensions of lipins to the extracted sera (Horsfall and Goodner, 
1936, c) What is even more remarkable is that the activity of extrac- 
ted horse-serum was restored by the addition of lecithm (from egg- 
yolk), and not by cephalm, while that of extracted rabbit serum was 
restored by cephalm (from calf -brain) and not by lecithin Reacti- 
vation by these lipins was inhibited by the previous addition of 
suspensions of cholesterol The amounts of the hpms required were 
small — 0 1 mg to 1 c c of extracted serum This is considerably 
less than the amount of lipin found in specific precipitates by 
HorsfaU and Goodner (1936, a) It appears that these larger amounts 
that were found in the precipitates were not essential to the reaction 
and were merely adsorbed by the precipitate (Horsfall and Goodner, 
1936, a) The essential lipm was, however, of the same order as 
that (2 75 per cent ) found by Chow and Goebel (1935) in purified 
antibody, since the amount of antibody protein mice of serum 
IS usuaUy of the order of 10 mg Addition of a suspension of 
the lipms extracted from serum did not restore activity 

Since the activity of antisera is restored by the addition of lipm, 
the loss cannot be attributed to the possible changes, not connected 
with loss of Iipm.which the proteins undergo in the process of extraction 

The restoration of activity on the addition of lecithm or cephalm 
may be asenbed to complex formation between antibody protem and 
lecithm or cephalm, comparable to the complexes studied by 
Schulman and Rideal (1937, a) The lipm may either affect the 
orientation of parts of the antibody protem molecule, thereby 
adapting it to antigen , or may block polar groups of the antigen- 
antibody complex and thereby assist precipitation The mhibitory 
effect of cholesterol is comparable to the mhibition of haemolysis 
by, for example, saponin or sodium cetyl sulphate (Schulman and 
Rideal, 1937, b) It is probably due to the formation of a complex 
between cholesterol and the activatmg hpm 

M The Zone Phenomenon 

In studymg the effects of varymg the proportions of antigen and 
antibody two procedures may be adopted (a) The amount of 
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antibody may be kept constant and the amount of antigen varied, or (^) 
vice versa The first procedure is generally employed m precipitin 
reactions, while the second is usual in agglutination reactions In 
Fig XXIII concentrations of antibody are represented vertically 
(diminishing downwards), and concentrations of antigen horizontally 
(dunmishmg to the right) , procedure (a) follows the horizontal rows m 
this diagram and procedure (/S) the vertical columns The results may 
be considered both from the pomt of view of the amount of precipitate 
or degree of agglutmation and of the tune required for flocculation 
or agglutination 

ANTIGEN CONC!^ 


(S CO 

o ^ d 11) 
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Fig XXIII Diagram of effect of varying antigen-antibody ratios on rate 
and amount of precipitate 


1 Procedure a Constant Antibody 
The type of result usually obtained in precipitin reactions is that 
shown m the row 1 /4 With the antigen in great excess (post-zone) no 
precipitate forms , as the amount of antigen is reduced the amount of 
precipitate rises to a maximum and gradually falls agam to zero 
(prozone) 

Dean and Webb (1926) pointed out that, in such a senes as here 
shown, flocculation appeared first m the mixture m which not more 
than traces of either antigen or antibody were demonstrable m the 
clear supernatant fluid after precipitation When the amount of 
antigen added was lower, antibody was detectable in the supernatant, 
which was clear , when the amount of antigen added was greater it 
could be detected m the supernatant, which was cloudy They also 
made dilutions of antibody up to 1/80, and added to constant amounts 
of each antibody dilution a series of dimmishmg amounts of antigen 
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(i.e followed the rows) They fotmd that m every senes the ratio of 
antigen to antibody that flocculated most rapidly was constant This 
ratio they called the optimum proportion In Fig XXIII the pomts 
representmg such mixtures lie along a diagonal such as AB 

Dean and Webb used horse serum as antigen , similar results may 
be obtamed with egg albumm (Taylor, Adair and Adair, 1932), and 
azo-protems (Marrack and Smith, 1931, b) Duncan (19^, a) 
obtamed similar results, usmg yeast gum as antigen and serum 
dilutions from 1/5 to 1/20, and Smith (1932) with antisera to Type I 
pneumococcus and the corresp>ondmg polysaccharide In the last 
two cases neither antigen nor antibody was detectable m the super- 
natant fluid from the mixture that flocculated most rapidly 

Burnet (1931, b) found most rapid flocculation of staphylococcal 
toxin and antitoxin m mixtures in which antibody was m excess The 
ratio of antigen to antibody m the most rapidly flocculatmg mixture 
was 1/6 that at the neutral pomt, and antibody could be detected 
in the supernatant fluid 

However, such toxm preparations contain a mixture of several 
antigens and the antibody involved m the most rapid flocculation 
may not have been the same as that detected m the supernatant 
fluid 

(a) Composition and the amount of the precipitate 

In the earlier experiments, with antigens which could not be 
distmguished from the antibody protem, it was only possible to 
calculate the ratio of antigen to total precipitate when antibody was 
in excess, since only then is antigen fully precipitated The intro- 
duction of antigens which could be separately estimated, and the 
use of further methods, has made it possible to follow this ratio 
through the whole range of precipitation This has been done with 
great thoroughness by Heidelberger and Kendall (1929, 1935, 
a, b, c, and d), usmg as antigens S S S III, azo-protem R-salt- 
azo-biphenyl-azo-egg-albumm and egg albumm (fig XXIV) 
Somewhat similar results, less thoroughly worked out, have been 
obtamed by Breml and Haurowitz (1930), using haemoglobm as 
antigen, and by Haurowitz and Breml (1933) and Marrack and Smith 
(1931, b), usmg azo-protem made with ^-ammo-benzene-arsmic acid 
and lodo-protem as antigens Haurowitz and Breml found that 
measurement of antigen m the precipitate colonmetrically and by 
arsenic estimation gave the same result ^ 

Fig XXIV shows the relation between the amount of antigen added 
to a constant volume of antibody solution and the amount and 
composition of the precipitate formed In each case, as the amount 
of antigen added rises, the total amount of precipitate rises and then 
falls slowly, m most cases to zero, when the amount of antigen added 
IS sufficient At the same time, the ratio of antibody protem (A)^' 
to antigen (G) m the precipitate decreases 

Aesunung that all the protem, derived from the antibody solution, that is 
contamed m the washed precipitate is actual antibody 
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Thp curves can be divided mto four zones (1) that of antibody 
excess, m which antibody is detectable m the supernatant fluid , 
(2) the equivalence zone, m which neither antibody nor antigen, 
or traces of both, can be detected in the supernatant , (3) the first 



Mg Antigen Added 


Fig XXIV Amounts of antibody N (A) and antigen in the precipitate 
formed from Ic c of antibody solution, on the addition of the amounts of 
antigen shown as abscissae 

Contmuous hnes, antibody N , broken lines, antigen Egg albumin and 
azo-protein expressed in mg of protein nitrogen , S S S III in mg of 
polysaccharide 

X S S S III and homologous antibody, B 62 
O Azo-protein and homologous antibody 
^ Egg Albumin and homologous antibody 3 87 II 
The arrows show the points at which neither antigen nor antibody were 
detectable in the supernatant fluids The figures against points on the curve 
show the ratios of antibody to antigen m the precipitate at these points 
The scale of the abscissae is changed twice in order to brmg the whole curve 
into the figure 

From the figures of Heidelberger and Kendall (1935, b, c, d) 

zone of antigen excess, before the amount of A in the preapitate 
begms to fall off , (4) the second zone of antigen excess (the 

inhibition zone, in which A remains m the supernatant fluid, m the 
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form of soluble compounds with antigen, but is no longer detectable 
as antibody ^ 

In zone (1), as the amount of antigen added is increased, the 
amount of A in the precipitate rises as the amount of antibody 
detectable m the supernatant falls 

In all the cases studied the protein derived from the antibody 
solution (A) continues to rise with progressive increase of the amount 
of antigen added, after antibody is no longer detectable in the super- 
natant fluid This IS presumably due to the presence in the antibody 
solutions of molecules with few or weak combining bonds for antigen 
Such molecules can be built into an aggregate along with more active 
antibody molecules When antigen is added to antibody solutions 
in amounts insufficient to precipitate all the antibody, the more 
avid molecules are precipitated first and the less active molecules 
are left m the supernatant fluid Their presence there cannot then 
be detected owing to their inability to form large aggregates with 
antigen When larger amounts of antigen are added these weak 
antibody molecules are built into the aggregate formed and add to 
the total protein precipitated 

The ratios of antibody protein to antigen in the precipitates at 
the equivalent point (the middle of the zone in which neither 
antibody nor antigen or trace of both appear in the supernatant 
fluid) and at the extremes of antibody and antigen excess as shown 
in I able XXIV 

The behaviour of the diphtheria-toxm-antitoxm system is 
altogether abnormal The range within which precipitation occurs 
is very narrow and no precipitate forms in the region of antibody 
excess when the antibody-antigen ratio exceeds about twice the ratio 
at equivalence point (Healey and Pmfield, 1935, Pappenheimer and 
Robinson, 1937) , precipitates will also dissolve m excess antibody, 
if sufficient IS added (Healey and Pmfield, 1935) The haemoglobin 
antibody system also is abnormal as only a fraction of the antigen 
IS precipitated, although the antigen might be supposed to be uni- 
form, (Wu, Cheng and Li, 1928 , Breinl and Haurowitz, 1930) 

The reaction between crystalline urease and anti-urease rabbit 
serum has been studied by Kirk and Sumner (1934) They found 
that when a certain excess of antigen was added to a constant 
amount of antiserum the weight and composition of the precipitate 
was constant The constant composition found by Wu, Cheng and 
Li (1928) and Wu, Sah and la (1929) is partly explained by the 
narrow range within which they worked 

(6) Agglutination of Bacteria 

Duncan (1932, b) also demonstrated " optimum proportions ’’ m 
the agglutination of vanous bacteria When constant amounts of 
serum and dimmishmg amounts of antigen were used agglutination 

^ This antibody protein enters into the further precipitate that forms 
when more antibody is added to the supernatant fluid (Heidelberger and 
Kendall, 1935, b) 
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occurred most rapidly with a certain ratio of antigen to antibpdy, 
which remained constant with antiserum dilutions rangmg from 
1/9 to 1/144 Miles (1933) obtained similar results 

Table XXIV 


Raho of Antibody to Antigen in precipitates formed in Equivalence 
Zone and at Extreme Antibody and Antigen excess 





Equivalence Zone 



M olectdar 

Antthody 


Calculated 

A ntigen 

A nhgen. 

Weight 

Excess 

Observed 

(F,) 

Excess, 

S S S III (A,) 

4 000 

230 

50 to no 

58 

19 

Diphtheria Toxm^ (H) 


6 8 

3 4 




Eeg Albumin (A#) 

34 500* 

21 5 

S 6 to 15 

13 4 

3 5 to 7 5 

(B) 

idem 

15 8 

9 8 to 16 8 

13 4 



(C) 

idem 

17 3 

r9 2 to 12 3 
1 8 to 18 

13 4 

— 

Haemoglobin (D) 

68,000“ 

— 

10 

9 7 

— 

Serum Albumin (C) 

70,200 

14 5 

6 3 to 7 5 

9 7 

— 

Serum Pseudo-Globulin 

(?) 103,800* 

9 5 

3 2 to 4 5 

7 3 



(E) 





Fulgur (Busycon) Hae- 

4.960 000* 

— 

0 59 to 0 75 

0 97 

— 

mocyanin (F,) 

Limulus Haemocyamn 

1,200,000 



1 75 


(F.) 

2,500,000 

(300,000) 

— 

l-O 9Itol 40 

1 33 

— 

Azo-protem (A.) 

— 

17 1 

8 3 to n 


2 5 

(G) 

lodo-Protein (G) 

— 

— 

1 6 to 8 5 


— 



4 55 to 6 8 




Aj Heidelber^er and Kendall (1935, b) 

A, idem idem (1935, c) 

Aj idem idem (1935, d) 

B Culbertson, (1932) 

C Taylor, Adair and Adair (1934) 

Dean, Taylor and Adair (1935) 

D Wu, Cheng and Li (1928) 

E Marrack and Smith (1911, a) 

Fj Bo>d and Hooker (1934) 

F, idem idem (1936) 

G Marrack and Smith (1931) 

H Pappenheimer and Robinson (1937) 

^ Assuming that pure diphtheria toxin contajns 0 00046 mg of nilmgen per Lf 
* These molecular weights are those used by Boyd and Hooker m the calculation 
of column 5, not the more recent values given lu Table III This does not, however, 
affect the calculation greatly 

2 Procedure ^ Constant Antigen 
It IS obvious from the diagram (Columns, Fig XXIII) that with a 
sufficiently concentrated antigen (e g column 1/2) there will be no 
zone of antibody excess (prozone) in which precipitation does not 
take place When, however, the antigen is not too concentrated the 
presence or absence of such a zone will depend on the boundary of 
precipitation on the right hand of the diagram Sobotka and Fried- 
lander (1928) found that with some antipneumococcus sera the lowest 
concentration of polysaccharides at which visible precipitation 
occurred was such that the product (antigen concentration) 

(44021) 


L 
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(antijjody concentration) was approximately constant That is, the 
nght-hand lunit of precipitation lay along a line such as BD' (Fig 
XXIII) In such cases no prozone would appear However, some 
antipneumococcal sera (Friedlander, Sobotka, and Banzhaf, 1928) 
gave right-hand limits lymg along lines sloping like BD" and BD'" 
In such cases a prozone would appear with the lower antigen 
concentrations 

Taylor (1931) found that when the antigen (horse-serum protein) 
was kept constant procedure, the most rapid flocculation did not 
occur with the ratio antigen/antibody which flocculated most rapidly 
when « procedure was used , but that flocculation became more 
rapid with mixtures containing up to twice this ratio However, it is 
apparent from the figures of Dean and Webb (1926) that there was 
some slowmg off with higher antibody concentrations , this was also 
found m some cases by Eagle (1932) Recently Taylor (1933), using 
crystalline egg albtimm as antigen, has shown that the most rapid 
flocculation with the ^ procedure occurs with a ratio antigen/anti- 
body from 0 75 to 0 57 of the ratio at which most rapid flocculation 
occurs with the a procedure When a still greater excess of antibody 
was added flocculation was slower, but precipitation eventually 
occurred even with great antibody excess 

Duncan (1932, a) found that with the ^ procedure using yeast gum 
as antigen the most rapid flocculation occurred with an antigen/ 
antibody ratio 1/8 of that which gave the most rapid flocculation with 
the a procedure , an excess of antibody was found m the resulting 
supernatant fluid 

Duncan (1932, b) also found that m the agglutination of bacteria 
the most rapid agglutination using p procedure (the usual method) 
occurred at a ratio of antigen to antibody 1 /6 of the ratio for most 
rapid agglutination using a procedure (see Table XXV) Miles 
(1933) found that m the agglutination of the Brucella group the ratio 
was m the region of 1/4 'the points representing the most rapidly 
flocculating mixtures by procedure p, therefore, he along a line 
A'B ' m the diagram, parallel to AB but farther to the right Bier 
(1931) found that high salt concentration shifted the most rapidly 
agglutinating mixture towards antibody excess 

In the Ramon method, with diphtheria toxm and antitoxin, p pro- 
cedure IS used Diminishing quantities of antitoxin are added to a 
constant amount of toxin Nevertheless, the mixture at which floccu- 
lation occurs most rapidly is approximately balanced Neither the 
precipitate nor the supernatant contains excess of toxin or antitoxin 
According to Timmerman (1934), the antibody to antigen ratio found 
by the a method is 10 to 15 per cent lower than that found by the p 
method In this case the range of flocculation is very narrow , the 
highest ratio of antibody to antigen which will give a precipitate is 
only some four times the lowest It is probable that the ratios of most 
rapid flocculation by either procedure are brought close together 

A prozone is frequently observed when the agglutmation of bacteria 
IS performed in the usual way with the amount of antigen constant 
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Table XXV 

Most rapidly flocculating mixtures by a procedure = D, and by 
P procedure = i?, in agglutination of a ^ ententidis suspension 
by Salmonella “ Dublin ” serum (Duncan, 1932, b ) 

1/32 1/64 1/128 1/2SG 1/S12 1/1024 1/2048 1/4096 



G G G O 


The vertical lines A A, A indicate that agglutinin wai present in the super- 
natant after flocculation , thelinesG, G G that agglutination was not complete 

Shibley (1929) considered that this only occurred with old or heated 
sera He confirmed Streng’s (1909) observation that some agglutina- 
ting sera, when moderately heated, would no longer agglutinate m the 
higher concentrations (Table XXVI) , although the highest dilution at 

Table XXVI 

Prozone produced by moderate heating of antiserum to B dysentenae 
{Shiga) C = complete agglutination (Shibley, 1929 ) 

Antiserum I Dilution of serum 


heated for 10 
minuiet) at 

1120 

1110 

i/50 

1 HOO 

1 11320 

1 1!6W 

1 1/12S0 

1I2S60 

1/5120 

63° C 

c 

c 

c 

c 

c 

c 

c 

C- 1 


64° C 

± 


c 

c 

c 

c 

c 

C- 1 

— 

65" C 


— 

c- 

C 

c 

c 

c 

c- 

— 

66° C 

_ 

_ 

_ 


c 

c 

c 


_ 

69" C 

— 

_ 

_ 


c 

c 

c 

c- 

— 

70° C 

— 

— 

c- 

c 


c 

c- 1 

i 

— 

71° C 

c- 

c— 

c 

c 

c 

G 

± 

± 

— 

72° C 

c 

c 

c 

c 

c 

c- 

— 

— 

— 

74° C 

76° C 

c 

c 

c 

c 

c 

' c— 

- 

- 

- 


which agglutmation occurred was unaltered by this amount of 
heatmg Further heating abolished this prozone and reduced the 
titre of the serum Shibley centrifuged off bacteria which had been 
mixed with high concentrations of moderately heated serum, and had 


(t402I| 


LZ 
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not 'agglutinated , these bacteria were not agglutinated when resus- 
pended m fresh agglutinating serum Some of the antibody appears to 
have been so changed that, although it would combme with the antigen, 
the second stage, the change from hydrophil to hydrophobe, would 
not occur, at any rate when antibody was in excess 

Duncan (1937) did not find a prozone m the agglutmation of 
flagellated mtestmal bactena With smooth non-flageUated bac- 
tena a wide prozone of incomplete agglutmation was found m high 
and low salt concentration , for example, with B dysentenae up to 
a 1/64 dilution of antiserum m 2 3 M NaCl, and to a 1/2048 dilution 
m 0 0044 M NaCl The prozone was narrowest in 0 29 M NaCl , 
that IS, m a salt concentration about double that commonly used 

3 Stability of antigen-antibody aggregates 

A third method of approach is to shake up the precipitate or agglu- 
tinated bactena formed m a senes of antibody-antigen mixtures and 
to find which of these is least easily dispersed Brown (1935) has 
called this the y procedure , she found that m the system S S S I or II 
and antisera, the ratio given by the y procedure corresponded 
closely with that given by the a procedure On the other hand 
Duncan (1934, b) studying the agglutmation of smooth non- 
fiagellated B dysentenae Flexner found the ^ and y procedures gave 
the same ratio 

4 Effect of Salt Concentration, Hydrogen ion Concentration and 
T emperature on Optimum Proportions 
According to expenments of Dean and Webb (Dean, 1931) the 
optimum proportions (a method) of antigen to antibody were 
unaltered in concentrations of NaCl between 0 2 and 1 per cent , 
in concentrations above 1 per cent the ratio was changed Brown 
(1935) also found that the optimal proportions of antibody to antigen 
(S S S I, a method) was higher m 2 and 3 per cent NaCl than m one 
per cent Duncan (1934) observed a similar shift of the ratio by 
the p procedure, usmg a suspension of a smooth, non-flagellated 
strain of B dysentenae Flexner as antigen , the ratio at optimum 
proportions by the a procedure was not affected by high salt concen- 
trations In low salt concentrations (e g 0 1 per .^cent ) Duncan 
found that the optimum proportion, by either method, was shifted 
towards a lower antibody-antigen ratio 
Brown (1935) found that the ratio of antibody to antigen S S S I 
at optimal proportions might be increased with a fall of pH from 
8 0 to 6 73 When the pH was reduced to 6 0 or lower the increase 
of the ratio was more stnlung (e g from a ratio of 1 c c of antiserum 
to 0 29 mg of S S S I at pH 8 0 to a ratio of 1 c c antiserum to 
0 19 nig of S S S I at pH 6 0) 

Using purified diphtheria toxoid and antitoxm Watson and 
Longstaff (1926) found that the ratio of most rapid flocculation 
(|8 procedure) was unchanged between pH 6 0 and 10 0, although 
flocculation was much delayed m the more alkalme solutions 
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Bayne-Jones (1928) and Schmidt (1930, c ) also found that the ratio 
of antitoxm to toxm of the most rapidly flocculatmg mixture was 
unaffected withm a moderate range of pH (6 4 to 8 4) , outside this 
range the results were irregular 

Temperature changes between 0° and 40° C do not appear to affect 
the a procedure ratio in the systems human or dog serum antigen 
and rabbit serum antibody, and the system diphtheria toxm and 
antitoxin On the other hand with S S S I and antibody, a proce- 
dure, flocculation at 0 4° C occurs first m the mixture contammg the 
largest amount of antigen (Brown, 1935) 

It is difficult to attempt any explanation of the effect of physical 
environment on optimal proportions without further quantitative 
mvestigations It is natural to correlate the shift of the optimum 
antibody-antigen ratio of one pneumococcal polysacchande (S S S I 
Brown, 1935) with the decrease of antibody protem precipitated in 
the higher salt concentration by S S S III (Heidelberger, Kendall 
and Teorell, 1936), and the dissociation of antibody from precipitates 
of S S S I or II and antibody (Heidelberger and Kendall, 1936) 
This may also be correlated with the change of physical state of 
polysacchandes with nsing salt concentrations (Heidelberger and 
Kendall, 1932, a and c) The amount of antibody precipitated by 
egg albumin is httle affected by high salt concentration , but the 
optimum proportions in a similar system, serum albumin and 
antibody, are shifted m 2 and 3 per cent sodium chlonde solutions 

Bier (1931) and Duncan (1934) suggest that the shift of the ^ 
optimum of agglutination of bacteria may be due to the effect of 
salt concentrations on cohesion of the bacteria However, cohesion 
between smooth non-flagellated mtestinal bacteria must be relatively 
weak as they do not agglutmate in low salt concentrations although 
their surface potential is very low The shift in optimum proportions 
cannot be attributed to changes in the amount of antibody bound, as 
this IS httle affected by salt concentration 

N The Zone Phenomenon in relation to the Nature of the 

Mechanism 

The remarkable point about the zone phenomenon is the difference 
between the results of antigen and antibody excess Excess of antigen 
produces mhibition whichever procedure is used Excess of antibody 
does not constantly produce mhibition in ^ procedure, and only 
begms to slow up flocculation when in considerable excess If it is 
supposed that antibody is denatured on combination with antigen, 
this difference between the effect of excess antibody and excess anti- 
gen would be accounted for on the supposition that antibody was 
denatured while antigen was not With antigen m excess the complex 
formed would be coated and protected by undenatured antigen The 
slowmg up of the reaction with antibody excess m p procedure would 
be attributed to less complete denaturation of antibody when in excess 

On the supposition illustrated m Fig XXII this difference between 
the effects of excess of antigen and antibody would be attributed 
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pniaanly to the presence of more combmmg sites on antigen than on 
antibody As a result the antigen-antibody precipitate would be 
mamly composed of antibody This would mean that in the diagram 
of Fig XXII antibody molecules pack tightly round antigen molecules 
and their polar groups neutralize each other, even when antibody is m 
excess They will therefore be aggregated as relatively hydrophobe 
suspensions even when not bound by specific bonds On the other 
hand, with antigen excess, as in c or E in Fig XXII, no packmg of the 
molecules on the surface occurs as there are not receptor sites on the 
antibody molecules to hold more antigen , the polar groups are 
available to attract water and flocculation does not occur 
Considering a procedure from this pomt of view, no precipitation 
wfll occur m the post-zone (antigen excess) owmg to the formation of 
small aggregates, such as C or e in Fig XXII, protected by the excess 
of antigen With smaller quantities of antigen continuously larger 
aggregates wfll be formed, possibly arranged as a lattice with incom- 
plete packmg of the antibody molecules These may settle, leaving 
the supernatant fluid cloudy, owing to the presence m it of large 
aggregates At optimum proportions a continuous lattice will 
be formed When the antigen concentration falls below this level 
aggregation wfll be slower, mamly owing to the reduction in the 
number of antigen molecules which serve as centres of aggregation , 
also to some degree because the formation of a continuous lattice fails 
progressively more and more as no further antigen molecules are 
available to provide links for the formation of larger structures when 
aggegates of moderate size, such as D, are formed Also some polar 
groups on the surface of particles such as d, may not be blocked, 
and therefore retain their attraction for water, and to some extent 
inhibit the clumping of the particles as a hydrophobe suspension 
Hooker and Boyd (1935) have found, with several protein antigens, 
that in the zone of antibody excess, when the amount of antigen is 
1/3 to 1/4 or less of the amount equivalent or optimal to the 
antibody present, the rate of flocculation is proportional to the 
concentration of antigen This is in agreement with von Schmolu- 
chowski’s formula for slow flocculation, when the fraction of collisions 
between particles resulting in union is constant That is, when this 
degree of antibody excess is reached the primary antigen-antibody 
units cease to differ m their attraction for one another 

When p procedure is used the results wfll be the same up to the 
point at which a continuous lattice can be formed Beyond this 
pomt the chief reason for the slowing up m a. procedure wfll not take 
effect, smee the antigen concentration is constant, and the reaction 
wfll be accelerated by the increased antibody concentration the 
most rapid flocculation wfll therefore come at some later point when 
the progressively smaller size of the aggregates which can be formed 
balances the mcreasing rate of their formation 

In connexion with the prozone which may be found in p proce- 
dure it is necessary to take into account factors which wfll vary with 
the varying antiserum concentration First there is the effect 
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observed by Streng (1909) and Shibley (1929) m moderately heated 
sera It appears that the occurrence of a prozone, when these heated 
sera were used, was due to the presence of modified antibody, which 
was preferentially adsorbed by antigen but would not produce 
agglutination This modified antibody was removed by passing 
through a Berkfeld N filter or by shaking with talc Presumably, 
as a result of the partial heat denaturation of antibody protein, a 
partial loss of affinity for water had been produced In consequence 
the modified antibody was raore readily adsorbed by a filter or by 
talc, and also would be more adsorbed by the antigen if its specific 
binding sites were undamaged But the further binding up of the 
antigen-antibody complex into a stable structure may have been 
impossible either because the polar groups of the antibody molecules 
were no longer available or because the molecules had already 
aggregated m an unsuitable manner 

On this view the prozone would be due to the presence of modified 
antibodies (agglutmoids) The work of Miles (1933), however, 
shows that this is not the whole explanation For when dilute antigen 
suspensions were used (/9 procedure), a most rapidly agglutinating 
pioportion of antiserum to antigen was found , when the amount of 
antiserum w'as increased the time of agglutination rose first and then 
fell again If the presence of agglutinoid was the sole reason for the 
delay of the reaction observed when first the amount of antiserum 
was increased, the later acceleration should not have occurred 

'1 he concentration of non-specific proteins also vanes in ^ proce- 
dure owing to the variation m the amount of antiserum added The 
effect of non-specific pi (items on the amount of precipitate, found m 
some cases (p 143), is doubtless due to adsorption of a thin layer on the 
antigen-antibody aggregates Such a layer may add very little to 
the total volume of aggregate, since the covering of only one globulm 
molecule by a layer about 4 A (luck would only increase its volume 
by about 40 per cent But the precipitation of more stable suspensions 
of antigen-antibody aggiegates, for example, when antigen is m 
excess, may be assisted by such a layer , the effect being similar to the 
aggregation and sedimentation of red blood corpuscle-, by globulin 

It IS possible that the results of fi procedure are always considera- 
bly affected, especially when antibody is in excess, by these factors. 
These would account for the varying slope of the line BD (Fig 
XXIII) When a procedure is used these factors are constant 
throughout 

According to the point of view suggested, the optimum proportion 
(a procedure) is considered to be that ratio of antibody to antigen 
which IS capable of formmg a stable lattice 1 his will be determined 
partly by a question of size In the instance m which the antigen, 
serum globulin, is of approximately the same size as the antibody 
the ratio is 1 to 4 1 his would be given by a lattice such as shown 
m Fig XXII (but m three dimensions), with each antigen molecule 

^Although the mode of approach !£• different, the conclusions arrived at 
here are very similar to those of Tailor (1931) and Burnet (1931 a) 
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surrounded by 16 antibody molecules, and each antibody molecule 
by 4 antigen molecules (not three as m the flat figure) It is not 
necessary that, at the proportion that forms a stable lattice, aU the 
" receptor sites " on the antibody should be satisfied by " deter- 
minant ’’ antigen groups But, m all cases in which there is reason 
to suppose that a smgle antigen is involved, most rapid flocculation 
occurs m the equivalence zone (in which, even if all the antibody 
and antigen are not built mto the precipitate, no excess of either is 
present in the supernatant) 

Boyd and Hooker (1934, 1936) have suggested that at the equiva- 
lence point one molecule of antigen is covered by as many antibody 
molecules as can be simultaneously brought mto contact with its 
surface without deformation They assume that the antibody 
globulin molecule is formed of a group of three equal spheres of 
weight 34,500 all three of which are in contact with the antigen and 
not appreciably distorted They derive for the ratio of antibody to 
antigen at equivalence the formula 


34,500 


2 + 


90 




Molecular weight of antigen 


Where p 
and sin 6 


^ ' / 34,500 
V Molecul; 


Molecular weight of antigen 


1 + p 


Ratios calculated from this formula are shown m Table XXIV 
They agree satisfactorily with the ratios found It may be questioned, 
however, whether it is so justifiable to assume that the molecule of 
S S S III IS a sphere of molecular weight 4,000 There seems to be no 
doubt that the relative sizes of antibody and antigen molecules must 
have considerable effect m determmmg the ratio at optimum propor- 
tions on the equivalence point But this ratio is probably affected also 
by the number of combming groups on both antibody and antigen , 
otherwise the ratio should be constant for any particular system 
The author has found (unpublished) that with a given antiserum to 
/)-ammo-benzene-arsmic acid, the amount of antigen equivalent 
to a given volume of antiserum at optimal proportions was mversely 
proportional to the arsenic content of the antigen 

In the agglutination of bacteria the formation of a lattice would be 
of considerably less importance, and therefore the increased rapidity 
of agglutination at optimum proportions considerably less marked 
We have noticed a difference between the agglutmation of some 
bactena and the formation of precipitates by molecularly dispersed 
antigens Deposits of agglutmated bacteria are most stable at the 
(3 ratio while precipitates are most stable at the a ratio It is 
possible that the actual mechanism mvolved differs m this respect , 
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molecularly dispersed antigens are built into a complex as sugg^ted, 
whereas the agglutmation of bacteria takes place in two stages 

(1) the formation of molecular aggregates on the surface of 
bacteria with loss of free polar groups and (2) the agglutination of 
bactena as hydrophobic particles This second process -would be 
non-specific 

Pneumococci take up a much larger amount of antibody than do 
other bactena and may, therefore, unlike other bacteria, be bound 
together specifically — hence possibly the difference between the 
results of Topley, Wilson and Duncan (1935) on the one hand, and 
Abramson (1935), Hooker and Boyd (1936, a) on the other 

In this connexion it is mterestmg to consider the minimum amount 
of antibody globulin necessary to produce agglutination of bacdli 
Supposing that the bacdh are 3/i long and 0 4/i across and that there 
are 10® per c c , the mmimum amount of protein required to form a 
continuous layer of the mmimum thickness found by Hughes and 
Rideal (1931) would be about 10-“ g perc c , or 0 0001 percent Now 
It IS claimed that agglutinin solutions can be prepared which wdl not 
give reactions for proteins (given by solutions containing more than 
0 001 per cent of protein), or contain less than 0 002 per cent of 
protein, and yet will agglutinate typhoid bacilli when diluted 1/1,000 
(Ottenburg and Stenbuck, 1923-4) The 1/1,000 dilutions cannot 
contam enough protem to cover more than 1/50 of the surface of the 
bodies of the bacilli, much less that of the flagella The theory that 
ascribes the hydrophobe character of sensitized baciUi to the forma- 
tion of a layer of denatured antibody globulin, demands that an 
appreciable fraction of the bacillary surface should be covered It 
appears that agglutinins can be obtained which do not contain 
sufficient protein to do this On the other hand, if it is only necessary 
to provide links of antibody globulin between the bacilli in order to 
produce agglutination, much less is required, if the affinity of the 
antibody for the bacdlary surface is strong 

Heidelberger and Kendall (1935, a, b, c, d,) have put forward 
a theoretical consideration of the quantitative aspects of the 
precipitin reaction which is based on five assumptions 

(1) Antibody is considered to be a protein which may be accurately 
estimated through the determination of nitrogen in the washed 
specific precipitate ^ 

(2) Antigen and antibody are multivalent with respect to one 
another 

(3) Combmation of antigen and antibody proceeds by a senes of 
bimolecular reactions , the compounds first formed are soluble , 
owing to the multivalence of antibody and antigen combmation 
continues until large aggregates are formed , these settle out 

(4) The dissociation of compounds first formed is negligible 

* The specific precipitate may contain an appreciable amount of lipin 
nitrogen, particularly in the region of extreme antibody excess (Horsfall and 
Goodner, 1936 a) This does not aflect the theory and allowance for this 
lipm nitrogen improves the agreement of experimental data with theory 
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(5) When antigen is in considerable excess a soluble compound 
IS formed m which the ratio of antibody to antigen is about half that 
at the equivalence pomt 

A high degiee of irreversibihty appears to be essential since the 
ratio of antibody nitrogen to antigen in the precipitate depends on 
the relative proportions of antigen and antibody present m the 
reacting mixture and not on their final concentrations m the 
supernatant fluid 

In the simplest form antibody (a) and antigen (g) may be supposed 
to be bivalent In the zone of antibody excess the bimolecular 
reactions may be supposed to take place in stages , 

1st stage a -j- g— »• ag 

2nd stage ag + a — y aga 
ag + .ig-^ ag ag 

The "agag" molecule then polymenzes with ''aga” or with 
other “ ag ag '' molecules to form large complexes whose composition 
lies between that of “ aga ” and " d^g„ As the compounds once 
formed are irreversible, the final composition of the mixed complexes 
depends on the rate at which " aga ” and " ag ag ’’ are formed 
Heidelberger and Kendall calculate for the zone of antibody excess 
that if the number of antibody molecules in the reacting mixture is A, 
the number of molecules of antibody, y, precipitated when x molecules 
of antigen are added is given by the equation 



(A similar, but more complex equation is derived when antibody 
and antigen arc trivalent) Antigen and antibody will be wholly 
precipitated when x = y = A At the equivalence point the 
molecular composition of the precipitant would therefore be " a„g„ " 
However, there is good reason to suppose that the compound formed 
at the equivalence point does not contain equal numbers of antigen 
and antibody molecules and should be represented by the formula 
^iiign ” For one thing, if the formula were " a„g„ ”, the compo- 
sition of the precipitate at the equivalent point should be constant 
Heidelberger and Pedersen (1937) have found that the molecular 
weight of the antibody to egg albumin is that of ordinary serum 
globulin — about 150,000 , if the molecular composition of the 
precipitant at the equivalence point was a„g„ the ratio of antibody 
to antigen in the precipitant would be about 5/1 instead of 11/1 as 
actually found 

Heidelberger and Kendall attempt to get over this difficulty by 
supposing that if the compound at the equivalence point is represented 
^gn I the first stage of the reactions, in the antibody excess zone, 
consists of a senes of bimolecular reactions giving rise to the compound 
" sgn before the second stage, m wluch occur the reactions 
aga + a->a2g„, 
and ag„ + ag„-»- ag„, ag^ 
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This amounts practically, to the occurence of a multimolecular 
reaction 

a -1- ag„ 

before the bimolecular reactions 

ag -I- a— )-aga, 
ag -I- ag^ ag, ag. 

which IS improbable 

This appears to be a serious objection In reversible reactions, in 
which the final result is mdependant of the order in which the reac- 
tions involved take place, the time relationship can be ignored 
But this theory appears to involve a high degree of irreversibility , 
the order in which the reactions occur is therefore essential It is, 
however, questionable whether compounds such as ag, ag, aga are 
actually irreversible 

When antibody is in excess the final aggregates will have nu free 
antigen bonds , such an aggregate can combine with more "a.” only 
if it breaks up Eg — 

ag ag ag a -b a = ag ag -(- aga + a 
= ag aga -f aga 

If the combination is irreversible this should not take place 
Similarly the final aggregate in the rone of antigen excess should be 
incapable of combining with more antigen In the zone of antibody 
excess this point can be tested with the antigen-antibody systems 
considered , m the system diphtheria-toxin-antiloxin the final aggre- 
gate did combine with more antibody (Healey and Pmfield, 1935) 
In the zone of antigen excess also the final aggregates can combine 
with more antigen, as is shown by the solubility of tlic precipitates 
m excess of antigens such as S S S III and egg albumin 

Supposing that equation (1) is still applicable, although ant'gen 
and antibody do not combine m equimolecnlar proportions at the 
equivalence point, it becomes 

y = 2 Rx - ^ (2) 

when X and y are expressed m milhgiams instead ol in molecular 
weights 

R IS the ratio of antibody to antigen at the equivalence point 
This equation can also be expressed in the form 

r = 2R - ^ V (3) 

A 

where r is the ratio of antibody to antigen in the piccipitate formed 
when X milligrams of antigen is added This is a simple linear 
equation contammg two constants which measure essential properties 
of the antibody solution — the amount of antibody present and the 
combining power of this antibody 

The actual experimental data obtamed with S S S III and antibody 
fit this equation weU (Fig XXV) R and A in this instance are 
the values, not at the equivalence point, but at the antibody excess 
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endrof the equivalence zone , this, however, may be explained by the 
presence of easily dissociated antibody which may be supposed to 
play little part in the reaction when antibody is m excess 



Mg Antigen Added 

Fig XXV The lines 


X S S S III and antibody, B 62 
O Azo-protein and homologous antibody 
A Egg albumm and homologous antibody 3 87 II 
From the figures of Heidelberger and Kendall (1935, b, c, d) 


Experimental data found with azo-protein and egg albumin as 
antigens conform less well to this equation In the first place, the 
values of A and R that fit the equation are those found at the antigen 
excess end of the equivalence zone, although even more easily 
dissociated antibody is found in these sera than, in the antipneumo- 
coccal sera In the second place the data fit better to a purely 
empincal equation 


r = 3 R 


■ - ^ 7 ' 


(R")“x 


(4) 


in which A = the maximum precipitable antibody, and R" is the 
ratio at the point of maximum antibody precipitation In the case 
of egg albumm values of R" which fit this equation do not agree well 
with those found experimentally 
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In the zone of antigen excess, before the inhibition zone is reached, 
similar equations, with the positions of antigen and antibody reversed, 
are apphed 

When excess of antigen nses above a certain level the amount of 
antibody precipitated begms to fall off until eventually no precipitate 
IS formed The ratio of the amount of antigen required to produce 
complete inhibition to that at equivalence pomt (antibody remaining 
constant) vanes greatly with the system considered, being about 
100 with S S S III, 15 With azo-protein, and 8 with egg albumm 
In the inhibition zone Heidelberger and Kendall (1929, c, 1935, b, c) 
found that the ratio of antigen m solution to antibody in solution 
(that IS, difference between total antibody and antibody precipitated) 
was constant both for the S S S III and azo-protein systems This 
fits the supposition that a soluble compound a„, g„ is formed by 
the combmation of 1 molecule of g with a slightly soluble compound 
s-m&n According to the law of mass action, as long as some precipi- 
tate of a„g„ IS present 


[^m ^n] fe ] _ 
[^m Sa +l] 


> (5) 


[^mgJ the concentration of the slightly soluble compound in 
solution IS constant and small compared with [a„g„ 4 .i], the 
concentration of soluble compound , [amgn +i] is, therefore, approxi- 
mately equal to the concentration of antibody m solution , 

So that 

Antigen in solution _ j-, ^ 

Antibody in solution ' 


Sobotka and Friedlander (1928) found that, with some sera, the 
product of the concentration of a solution of pneumococcal poly- 
saccharide (S S S I and S S S II) and the minimum concentration 
of antibody with which it would give a precipitate was constant 
They suggested that this could be compared to a solubility product, 
an insoluble compound of antibody and polysaccharide being formed 
according to the law of mass action This is the inverse of the 
relation found by Heidelberger and Kendall Howe’ '’r, the con- 
centrations, the product of which should be constant under such 
conditions should be those of free antibody and antigen m the 
supernatant fluid after precipitation has occurred , not those m which 
the reagents are mixed Without knowing the amounts of antibody 
and antigen precipitated it is impossible to draw conclusions from 
this observation of Sobotka and Friedlander 

Apart from their purely theoretical treatment, Heidelberger and 
Kendall have accumulated a mass of information bearing on the 
quantitative relationships of the precipitin reactions They have 
m particular demonstrated the non-uniformity of the antibody 
molecules For example, m serial experiments, after much of the 
antibody of an antipneumococcal serum has been precipitated by 
successive additions of small amounts of S S S III, a pomt is reached 
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at which an appreciable amount of S S S III occurs in the super- 
natant fluid in the presence of a concentration of antibody protein 
which would precipitate S S S III in a dilution of 1/10,000,000 if the 
antibody remaining had the same properties as the original anti- 
body A point not made by Heidelberger and KendaU is that, when 
less than half of the total antibody to S S S III or azo-protem has 
been precipitated by serial additions of small amounts of antigen 
{J exp Med , Table II on p 567 of Vol 61 and Table III on p 476 
of Vol 62), the antibody remaming in solution does not behave as 
did the ongmal antibody The amount of protein precipitated by a 
given amount of antigen was less than would be expected from the 
amount of antibody left in solution 

In the various fractions prepared by Chow and Goebel (1935) 
from one antiserum to Type I pneumococcus, the ratio of antibody 
proteins to antigen at the equivalent point appears to have varied 
considerably , these fractions may, however, be considered artefacts 
In antisera to the azo-protem and egg albumin a considerable 
portion of the antibody was not precipitated by serial additions of 
small amounts of antigen, but was precipitated if sufficient antigen was 
added m one piece It is suggested that this fraction consists of 
antibody molecules with so few binding groups that they cannot 
form large aggregates when they are mixed with antigen m the 
absence of other antibody molecules They can, however, be built into 
the aggregate formed by antigen and more reactive antibody mole- 
cules Other work of Heidelberger, Kendall and Scherp (1936) has 
shown that some of the preparations of pneumococcal polysaccharides 
are not uniform , and it is found that a fraction of the azo-protem 
antigen, varying with the antiserum used, is not precipitable by 
antibody In their theoretical discussion Heidelberger and Kendall 
have assumed that it is permissible to regard antibody molecules 
as behaving statistically as if they were homogeneous, although 
allowance is made for the less reactive antibody of antipneumococcal 
sera by taking for A and R, in the equation (3), the values at the 
beginning of the equivalent zone It seems possible that the quanti- 
tative relations found may be an expression solely of this non- 
uniformity of antibody and antigen A much wider equivalent 
zone is found with the non-uniform antigens S S S III and azo- 
protem than with crystalline egg-albumin 

Owing to the fewness of their combining groups and to spatial 
considerations, simple haptene molecules, whictkare not themselves 
aggregated, cannot take the place of antigen molecules m the anti- 
body-antigen lattice Their inhibiting action on flocculation can 
therefore be compared to the mhibition of crystallization, from 
supersaturated solutions, by dyes which are adsorbed on the crystal 
surface (Marc and Wenk, 1910) Such adsorbed molecules do not 
take the place of the essential constituents of the crystal m the 
crystal lattice, but inhibit crystallization This affords an explana- 
tion of an unpublished observation of the reviewer that " simple 
haptenes ", in amounts insufficient whoUy to prevent flocculation. 
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do not alter the " optimum proportions " of antigen to antibody 
That IS, on the present theory, they do not alter the proportions of 
antigen and antibody required for building a continuous lattice, 
although they slow the reaction by forming surface films 

Possible explanations of vanous other points suggest themselves 
The decreased reversibility on standing may be due to increased 
building up into a uniform structure, together with the replacement of 
mtermolecular attraction by actual chemical bonds 

Temperature can affect immunity reactions in two ways, apart from 
actual damage to antigen or antibody at temperatures above 55° C 
In the first place, a rise of temperature will increase the number of 
effective collisions between antigen and antibody, and will there- 
fore accelerate the reaction In the second place, increased heat 
vibration will tend to break down the compound of antigen and anti- 
body and complexes built up by them Hence immunity reactions 
take place more rapidly at higher temperatures up to a certain limit, 
but combination becomes less firm and may break down at the higher 
levels 

0 The Relation between free and combined Antibody , 
Freundlich's Isotherm and the Law of Mass Action 
The relation between free and combined antibody has been studied 
mainly by using particulate antigens, which can be centrifuged off, 
leaving a supernatant fluid in which the remaining antibody can be 
measured The relation commonly found is shown in Fig XXVI Such 
results were found, for example, by Eisenberg and Volk (1902, absorp- 
tion of agglutinin by bacteria) and Cromwell (1923, absorption of 
haemolysin by red blood corpuscles) When small amounts of anti- 
body are added practically all is adsorbed , as the amount added 
increases the ratio of bound to free falls, giving a curve concave to the 
horizontal axis But many more than 1,000 times the minimal agglu- 
tinating or haemolytic dose may be bound without a limit being 
reached A different type of result was obtained by Dreyer and 
Douglas (1910) , the amount of agglutinin adsorbed by bacteria rose 
to a maximum and then with the addition of increasing amounts of 
antibody fell off, m some cases to nothing Similar results were 
obtained by Manwaring (1905) usmg haemolysin Cromwell (1923) 
considered that some haemolytic sera contained what may be called 
haemolysmoids For red blood corpuscles which had been exposed to 
a serum from which the haemolysin was not readily absorbed, and 
had been centrifuged off, took up fewer haemolytic doses when mixed 
with a new lot of haemolysm, than did cells which had been exposed 
to a readily absorbed serum, in spite of the fact that the latter had 
taken up a larger number of units at their first exposure This 
suggested that the serum from which the haemolysin was not readily 
absorbed contained some substance which combined with the red 
blood corpuscles and prevented the absorption of haemolysm, but 
which itself would not haemolyse cells Eisenberg and Volk (1902) 
supposed that agglutinoids, which would combine with bacteria more 
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readily than agglutinins, but would not agglutinate them, accounted 
for anomalous results with bacteria Dreyer and Douglas, however, 
showed that this did not account for their curious result, as sera from 
which the agglutinins had been partially absorbed by bacteria still 
showed the phenomenon Had the phenomenon been due to agglu- 
tmoids which were preferentially absorbed, the first lot of bacteria 
should have removed them 



Fig XXVI Relation of haemolysin bound to haemolysin free, broken 
line, and of log (haemolysin bound) to log (haemolysin free), continuous 
line (Cromwell, 1923) 

The following section on titration of antibodies suggests a cnticism 
of all these experiments When a large proportion of the antibody in 
the added serum is absorbed, the proportion of non-specific protein in 
the residual fluid which is to be tested will be much increased, and the 
results of the titration may well be affected thereby This, however, 
wdl not account for the results of Dreyer and Douglas and similar 
results of Manwarmg (1905), which are difficult to account for on any 
hypothesis 

In these investigations complex particulate antigens have been used 
owing to the ease with which they can be centnfuged off They are, 
however, open to the objection that they contain several antigenic 
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substances, and that the antisera may contam antibodies to these. 
These antibodies would not be distmguished, and measurements of 
absorption of antibody would not be measurements of the absorption 
of a single substance 

Also, the assumption is usually made, without any warrant, that 
the antigen molecules or particles and the antibody molecules in a 
given reaction are homogeneous with regard to number of combmmg 
sites and dissociation constants of the combmation at these sites 
Now death rates and behaviour with simple haemolysms mdicate 
that bacteria and red blood corpuscles are not homogeneous, It is 
only with purified antigens, such as crystalline egg albumm, that 
homogeneity can be assumed It is desirable that such antigens 
should be used in all work on theoretical aspects of the subject 

It is possible to measure the amounts of antibody or antigen free 
and combined, even when a precipitate is not formed and a particu- 
late antigen cannot be centrifuged off, if it can be assumed that the 
antigen-antibody compound is highly irreversible Using this 
method Biltz (1910) found that the curve of neutralization of teta- 
nolysin by antitoxin fitted the Freundhch isotherm, but would also 
fit an equation based on the Law of Mass Action Burnet (1931, a) 
found that the neutralization of staphylococcal toxm agreed with the 
supposition that the toxm combmed stoichiometncally with anti- 
toxms and that further toxin was adsorbed on the compound 
according to Freundlich’s equation On the other hand Healey and 
Pmfield (1935) concluded that diphtheria toxin and antitoxin 
combine according to the laws of multiple proportions formmg two 
compounds, one of which contains twice as much antitoxin as the other 

Some importance has been attached to the conformance of some of 
these data with Freundlich’s isotherm The data of Eisenberg and 
Volk and some of those of Cromwell fit very well Cromwell suggests 
that the deviations found with some sera maybe due to the " haemo- 
lysmoids” demonstrated by him The results of Dreyer and Douglas 
do not fit this equation 

It wiU be realized from Chapter I that the conformity or non- 
conformity of the combination of antibody and antigen with the 
Freundlich isotherm sheds no light on the question whether this 
combmation is to be regarded as a chemical combmation or an adsorp- 
tion These experiments, however, suggest an mterestmg question, 
how, on any theory, can the particulate antigens accommodate 
amounts of antibody so many tunes greater than the amount required 
to affect the stability of then suspensions or their cell membranes ? 
It IS probable that these large quantities are only loosely combmed, 
for de Kruif and Northrop (1922^, b) found that only twelve minimal 
agglutmatmg doses would combine with typhoid bacdli sufficiently 
firmly to withstand washmg 

P The Titration of Antibodies and Antigens 
The zone phenomenon has an important bearmg on the titration of 
antibodies and antigens The procedures usually adopted are based 
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on tie limiting concentrations which wiU agglutmate or give visible 
precipitates , that is, upon the position and slope of the nght-hand 
boundary BD (Fig XXIII), or possibly of the left-hand boundary BC 
Now these two boundaries vary considerably m their slope m different 
reactions and are particularly liable to be affected by non-specific 
factors such as the amounts of serum proteins If a procedure is 
used for estimating the amount of antibody in serum, the limitmg 
dilution of antigen will be mversely proportional to the dilution of 
the serum when the boundary is in the position BD' , this was found 
With some antipneumococcal sera by Sobotka and Fnedlander (1928) 
But when the line is m the position BD", as found, for example, by 
de Kruif and Northrop (1922^, a), the results will be opposite , the 
weaker the serum the higher will be the limiting dilution of antigen 
with which it wiU give precipitation or agglutination Cromwell 
(1925) found that, when simple protein antigens were used, the 
boundary was vertical , the limitmg dilution of antigen which gave a 
precipitate was mdependent of the degree of dilution of the serum 
In agreement with this, Culbertson (1932) found little difference in the 
limiting dilutions of egg albumm which gave precipitates with a 
large range of antisera Morgan’s (1924) results using Type II 
specific polysaccharide were similar to those of Cromwell Hooker 
and Boyd (1932) removed varying proportions of antibody from an 
antiserum to atoxyl-azo-casem by precipitation with antigen , agam 
the limiting dilution of antigen required to form a precipitate was the 
same for the various supernatant fluids obtained Culbertson (1932) 
and Satoh (1933) found no relation between estimates of antibody by 
this method and by the antibody dilution or by the amount of anti- 
body protein precipitable The use of the end point in the a pro- 
cedure for the titration of antibodies is therefore unsound, although 
it may be applicable in certam cases There appear to be no objections 
to its use for the estimation of simple antigens, in which there is no 
likelihood of vanations m the slope of BD 

When p procedure is used (that is, when the columns are followed) 
for estimating the strength of an antiserum, the results agam wdl 
depend on the slope of BD, or, with high antigen concentrations, BC. 
These slopes may differ with different sera, as Sobotka and Fried- 
lander found So that two sera might be found to be of equal strength 
when titrated agamst one concentration of antigen but to differ when 
another concentration of antigen was used In sera of which the 
antibody has been largely destroyed or removed, the proportion of 
non-specific protein to antibody has been raised considerably These 
non-specific factors affect the limitmg dilutions which wUl agglutmate 
or give precipitates, and titrations of such sera should be regarded 
with suspicion 

The optimum proportions method of Dean and Webb (1926) does 
not seem open to the objections raised agamst the usual methods, as it 
does not depend on the width of the zone It has been used success- 
fully by Taylor, Adair, and Adair (1932) for the estimation of protem 
antigens Srmth (1932) found that with unconcentrated antisera to 
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pneumococcus Type I the results, usmg this method, with the specific 
polysaccharide as antigen, agreed with mouse protection tests Also 
Culbertson (1932) found that determmation of the neutral^ pomt 
(which usually agrees with the optimum proportions) was a satisfac- 
tory method of titrating antisera to egg albumin , it agreed roughly 
with estimations by antibody dilution (^ procedure) but not at all 
with those by antigen dilution (a procedure) The difficulty with 
the optimum proportions and neutrality methods is that little 
difference may be detectable over a wide range 

Hooker and Boyd (1935) have proposed a method of estimatmg 
very small quantities of antigens, based on the fact that, m the 
region of antibody excess, the rate of flocculation is proportional to 
the concentration of antigen 
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MOUSE PROTECTIVE UNITS 

Fig XXVII Relation between mouse protection units, protein precipitable 
by the specific polysaccharide, and agglutinin titre in antisera to Type I 
pneumococcus (Heidelberger, Sia and Kendall, 1930) 

If it IS accepted that the protein, derived from the antiserum, 
which IS found in a specific precipitate is the actual antibody, the 

’ That is the point at which both antigen and antibody, or neither antigen 
nor antibody, are present in the supernatant fluid after precipitation 

(44021) M a 
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obvious method of measuring antibodies is to estimate the maxi- 
mum protem precipitable by the appropriate antigen This method 
was apphed by Heidelberger, Sia and Kendall (1930) They found 
the maximum protein precipitated by S S S I ran closely parallel 
to the mouse protection umts m T5rpe I anti pneumococcal sera 
(Fig XXVII) The method has also been used by Culbertson (1932) 
with egg albumin as antigen He found it mapphcable when the anti- 
gen was a mixed one, such as horse serum If the maximum 
precipitation occurs near the optimum proportions and the ratio of 
antigen to antibody globulin m the precipitate remams constant, 
this method will give approximately the same results as the optimum 
proportions method Since Marrack and Smith (1930) found that the 
amount of precipitate per unit of diphtheria antitoxin is approxi- 
mately constant, the results by this method would agree with the 
Ramon method However, the ratio of antibody protem to antigen at 
the pomt of maximum protem precipitation may vary by as much as 
30 per cent either way The antibody protein precipitated is not 
therefore an exact measure of the antigen combming power of an 
antibody solution A more exact method has been suggested by 
Heidelberger and Kendall (1935, b) Since the equation (3) in 
Section N of this chapter, is that of a straight Ime, an antibody 
solution can be charactenzed by two pomts on this Ime. This can 
be done by estimatmg the amounts of protem precipitated from a 
given volume of antibody solution by two different amounts of 
antigen From these estimations it is possible to calculate A, which 
in the case of Type III antipneumococcal sera is the amount of 
antibody protem precipitated at the begmnmg of the neutrality 
zone , and R, the ratio of antibody protem to antigen at this point 

A series of estimations may be made of the amount of protem in 
the precipitate formed by varying amounts of antigen when added 
to 1 c c of any particular serum A curve can then be plotted with 
the amounts of protem precipitated as ordmates and amounts of 
antigen as abscissae It is then possible to estimate the amount 
of antigen in a solution by adding an appropriate amount of this 
antigen solution to the 1 c c of the antiserum and estimatmg the 
amount of protem in the precipitate formed The amount of antigen 
corresponding to this amount of protem can then be read off from 
the curve This method has been used by Heidelberger and Kendall 
(1932, b) for estimatmg small amounts of specific polysaccharides, and 
by Goettsch and KendaU (1935) for estimatmg albumin and globulin 
m body fluids 

Q Immunization 

Although substances other than protems, polysaccharides, for 
example, may give good reactions with antisera, protem has usually 
been found necessary for immunization For example, antisera are 
produced by mjectmg lipms mixed with serum (Landsteiner and 
Simms, 1923) However, Gonzalez and Armangu6 (1931) succeeded 
in immumzmg rabbits with the Forssman antigen adsorbed on 
kaohn Landstemer and Jacobs (1932) confirmed thus, and also 
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prepared a haemolysm by immiimzing with the antigen adsorbed 
on collodion particles Zozaya (1932) obtained agglutinating 
and precipitating sera of moderate strength by mjectmg rabbits 
and horses with vanous polysaccharides, so adsorbed. More recently 
Zozaya and Clark (1933) have found that protection against 
subsequent doses of pneumococci can be obtamed by the mjection 
of very small doses of pneumococcal polysaccharides They con- 
sidered it essential that the doses should be small and that surplus 
polysaccharide should be washed off collodion particles if these were 
used as adsorbents Landstemer and Jacobs (1932) faded to confirm 
Zozaya’s (1932) paper 

The polysaccharides used in the earlier experiments had been 
considerably changed m the process of purification For example, 
the Type I pneumococcal polysaccharide had lost an acetyl 
group, and Avery and Goebel (1933) found that mice, though not 
rabbits, could be immunized by mjections of the natural acety- 
lated polysacchande Heidelberger. KendaU and Scherp (1936) 
have shown that aU the pneumococcal polysaccharides are considera- 
ably degraded by the earlier methods of preparation Numerous 
workers have shown that mice could be immunized to pneumococci 
by mjections of non-protem preparations of pneumococci The 
immunity displayed m these instances is protection agamst virulent 
bacteria , however, demonstrable humoral antibodies have been also 
produced by non-protem antigens For example, a product from 
Bact aertrycke which contamed no demonstrable protein produced 
agglutinins and precipitins when injected into rabbits (Raistnck 
and Topley, 1934) 

There is, however, a striking, though not absolute, difference in 
the immunizmg power of protem and non-protem This is well 
dlustrated by S S S III and S S S III coupled to protem (Avery 
and Goebel, 1931) Injections of the protem compound not only 
immunize rabbits to pneumococci, but produce sera which will 
confer passive immunity on rabbits, besides agglutmatmg pneumo- 
cocci and precipitating S S S III 

The failure of gelatm to act as a fuU antigen has been attributed 
to the absence of aromatic groups Hopkins and Wormall (1933, b) 
found that attachment of aromatic groups by the action of phenyl- 
tso-cyanate did not convert gelatm mto a full antigen , also Medveczky 
and Uhrovitz (1931) state that benzoylated gelatm is not antigenic 
However, Adant (1930) obtained a serum from rabbits immunized 
with gelatm-azo-atoxyl which gave precipitates with this compound ; 
and Hooker and Boyd (1933), usmg the same antigen, obtamed a 
serum which would give precipitates with atoxyl-azo-casem and 
atoxyl-azo-egg-albumm, though not with the gelatm compound It 
is possible that the failure of gelatm to produce antibodies may be 
due to its simple structure or physical properties, not merely to the 
absence of tyrosme Other protems which lack certam ammo-acids 
(edestm and ghadm which lack lysme, zem which lacks tryptophan 
and lysme) will act as full antigens 
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Although rnimunization with the break-down products of protein 
IS usually unsuccessful, Landsteiner (1919) obtained precipitins by 
immunization with large doses of peptone Landstemer and van der 
Scheer (1930, 1931, b) also obtamed precipitms by mjection of azo- 
compounds of proto- and heteroalbumose 

As an h3rpothesis of the way m which antigen used for immunization 
stamps on a large number of antibody molecules a specific conforma- 
tion, Breinl and Haurowitz (1930) suggested that in the synthesis of 
serum globulin the arrangement of amino-acids is modified by the 
polar forces of the antigen which has been retamed in the cells where 
serum globuhn is synthesized This idea is amplified by Mudd (1932), 
He considers that the antigen may be regarded as a synthesizing 
enzyme Ammo-acids (or other budding stones out of which antibody 
may be synthesized), which conform to the distribution of polar forces 
on the antigen surface, are attracted to that surface, and the composi- 
tion and spatial arrangement of the protein or other complex structure 
synthesized is determmed thereby In order that the antigen should 
play such a part m the synthesis some degree of fixation would be 
necessary, and this may be the reason why some “ carrier " protein or 
adsorbing particle is necessary 

This theory is in good accord with a suggestion of Carothers (1935) 
that orientation of amino-acid molecules necessary for protein 
synthesis, in vivo, takes place at surfaces under the influence of the 
fields of force of those surfaces This adaptation to antigen would 
take place during the synthesis of the peptide chains If as suggested 
by Wrmch (1937), proteins are budt up of layers, the antibody wdl 
not lose its adaptation to antigen when it assumes the globular form 

A difficulty that arises with all theories of antibody production is 
the prolonged formation of antibodies after the injection of antigen 
and particularly the phenomenon of " anamnesis ” — the stimulation 
of a fresh production to one antigen, when a new antigen is injected 
It seems necessary to suppose that immunization has some permanent 
effect on the organism The above theory meets this difficulty as well 
as does any other , it involves the supposition that the antigen must 
be a substance which can enter and remain in those cells of the 
immunized animal in which antibodies are synthesized 

Accordmg to a theory which may be described as the mirror image 
to that put forwaid above, antibodies are formed from alLered anti- 
gens This theory is still less able to explain anamnesis, and is 
disproved by quantitative considerations Heidelberger and Kendall 
(1930) showed that the weight of antibody globulin produced was 
at least five tunes the weight of antigen mjected Hooker and 
Boyd (1931), basing their argument on the data of Topley (1930), 
have shown that the theory mvolves serious difficulties In a later 
paper (1932) they consider the question from the point of view of the 
precipitin reactions obtamed with azo-protems The general line 
of their argument may be put briefly as follows If the active part 
of the antibody is manufactured from the antigen, each combmmg 
site of the antibody must contam a determinant group of the 
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antigen in a form sufficiently unaltered to confer specificity Ifi the 
case of the antigens made by couphng atoxyl to protems an arsenic 
atom IS an essential part of the determmant group , one must, 
therefore, be present m each combmmg site of the antibody From 
considerations of the proportion of antigen to antibody at optimum 
proportions, and of the mmimum numbers of determinant groups 
per molecule of antigen necessary to produce precipitation, they 
conclude that 1 c c of antiserum must contain so many combmmg 
sites that its mmimum content of arsenic, contained m these sites, 
must be 1 7 X 10~’ g of arsenic Now Berger and Erlenmeyer 
(1931) found that such an antiserum contained less than 3 X 10““g 
of arsenic per c c , from which it follows that the essential specific 
part of the antigen cannot be built into each combining site of the 
antibody Hooker and Boyd also advance another line of argument, 
based on assumptions as to molecular weights of antibody and 
antigen, which demands an even larger arsenic concentration m the 
antiserum This argument, however, is less convincing as it cannot 
be assumed that the molecular weight of casein is not altered by the 
rather violent treatment it receives in couphng to atoxyl The first 
argument does not even involve the assumption that antibody is a 
protein 

As immunization is prolonged the characteristics of the antibody 
change It becomes less specific, a change which has been attnbuted 
by Burnet (1934) to the appearance of binding sites for minor 
antigenic groups In one example studied by Heidelberger and 
Kendall (1935, c) the constants R and A in the equation (3) of 
section N both rose But the figures in the paper of Taylor, Adair 
and Adair (1934) suggest that the increase of R is not mvanable 
Joffe (1935) found that, when immumzation was prolonged, the iso- 
electric points of bacteria fuUy sensitized with the ' rough ’ agglutinin 
so obtained shifted from above pH 5 2 towards the alkaline side (m 
the extreme case to pH 5 9) Similar effects were not found with 
the ‘smooth’ agglutmin The H agglutinins also became resistant to 
digestion by pepsin and trypsin (Rosenheim, 1937) Rosenheim 
has suggested that this is due to the appearance of ammo acid 
groups, adapted to bind antigen, buried m the peptide chains and 
only available to function as bmdmg groups when uncovered by 
the action of the enzymes The multiplication of such groups might 
be associated with chemical changes sufficient to cause a change of 
isoelectric pomt 

If the claims of Jermoljewa and Bujanowskaya (1930) to have 
obtained precipitins by the injection of simple amines are confirmed, 
a complete revision of ideas on the formation of antibodies wiU be 
necessary 

R The Unitarian Hypothesis 

In order to avoid misunderstandmg it is as well to quote Zmsser’s 
(1931) definition of the Unitarian h3q3othesis " By such a conception 
of antibodies we do not imply that a complex ceU hke, for mstance, a 
typhoid bacillus can only give rise to one variety of antibody only. 
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There may be found a specific sensitizmg antibody against the major 
chemical constituents, and other sensitizers agamst the other anti- 
genic substances enclosed m the same cell body or contamed m the 
same antigemc solution But we do mean that, were we workmg 
with a single antigen m a pure state, one variety of antibody would 
be produced This would be present m the form of a serum con- 
stituent specifically capable of unitmg with the antigen As a result 
of the union the antigen is altered m its physical and perhaps to 
some extent in its chemical behaviour The resultant reactions which 
may be observed with this sensitized antigen (agglutination, precipi- 
tation, bactencidal phenomena, opsonization, or sensitizmg effect on 
the anaphylactic sense) would be determined, not by differences in the 
nature of the antibodies wnth which the antigen had umted, but 
rather m the co-operating substances (alexin, leukocytes, tissue-ceUs) 
and by the environmental conditions under which the observations 
are made ” 

Dean (1916) based a similar hypothesis on his conception of the 
fundamental mechanism of unmumty reactions — the aggregation of 
globulin particles round the antigen A similar point of view has also 
been mamtained by Eagle (1930) Smce the conception of this 
mechanism outlmed above may be considered an amplification of that 
of Dean, it is equally m accord with the umtanan hypothesis 

The question then arises whether any one process could produce all 
the various reactions encountered It is not difficult to imagine that 
the very similar precipitm and agglutmin reactions may be brought 
about by the same prmiaiy process , the demonstration by Jones 
(1927, b, 1928, b) that a precipitin for a given protein wUl agglutmate 
coUodion particles coated with this protein, show that this is actually 
the case It might be objected that the collodion particles were 
earned down m a precipitate of antibody and egg albumm which 
had been dissociated off But Landsteiner and van der Scheer 
(1936) found that stromata of red blood corpuscles, to which a 
determinant group had been coupled by an azo link, were agglutmated 
by antisera to protems contammg tins determmant group In this 
case there is no question of the dissociation of soluble protein from 
the msoluble particle Work by Mudd and colleagues (1930), with 
coUodion particles on which protem had been adsorbed, shows that 
opsonization can also be brought about by the same antibody 
that forms precipitates and agglutinates The precipitm for 
Type III pneumococcal polysaccharides, obtained by Avery and 
Goebel (1931) by immunizmg with this piolysacchande combined 
with a protem, wdl also agglutmate Type III pneumococci and 
protect mice specifically agamst Type III mfection The demon- 
stration by Remer and his co-workers (1929) and Freund (1929) that 
a smgle non-specific reagent — tannm — will brmg about several of the 
effects of antibodies (agglutmation, abihty to adsorb and be lysed by 
complement, and readiness for phagocytosis) also shows that it is 
not necessary to postulate more than one agent to account for diverse 
immunological reactions 
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Antisera to the pneumococci are particularly smtable for teStmg 
the unity of antibodies, smce they give numerous reactions and it 
IS possible to obtam one antigenic component of the pneumococci — 
the polysacchande — practically pure Protective antibody is pre- 
cipitated by the specific polysacchande (Felton and Bailey, 1926, b), 
and can be recovered from the precipitate (Types I and II, Felton, 
1932) Purified antibody (Type I) recovered from the precipitate 
formed with S S S I will also agglutmate pneumococci , and, when 
the original antiserum was rabbit serum, will fix complement m 
presence of S S S I. and wdl sensitize guinea-pigs to S S S I (Chow 
and Wu, 1937, b) The opsonic effect is mhibited specifically by the 
corresponding polysacchande (Ward and Enders, 1933) The protec- 
tive, precipitating, agglutmatmg, complement-fixmg and opsonic titres 
of antipneumococcal sera (especially to Type I) run parallel in sera 
and in punfied preparations (Felton and Bailey, 1926, a, Felton 1931) 

There is some dispute whether antisera can be separated mto 
fractions manifesting different specific effects Otto and Shirawaka 
(1924) claimed to separate precipitm and anaphylactic antibody by 
electrodialysis, but this was not confirmed by Doerr and Hallauer 
(1927), who also could not demonstrate any separation by ammonium 
sulphate precipitation (1926) Strumia (1930) and Mudd (1930), with 
their colleagues, found that vanous activities of antisera to acid-fast 
bacilli and of anti-protem sera ran parallel in the serum fractions they 
prepared It is possible that one function of an antiserum may be 
destroyed while another is left mtact, but this does not imply that 
two antibodies are mvolved Thus diphtheria antitoxin will still 
neutralize toxm after extraction with alcohol and ether (Hartley, 
1925, b), although it no longer gives a precipitate with toxin , moder- 
ately heated sera may combine with bacteria but not agglutinate 
them (Shibley, 1929 , Jones, 1927, a) , m these cases it is probable that 
only one antibody is mvolved Eagle, Smith and Vickers (1936) 
have stressed the great difference in the rates of inactivation of the 
different antibody functions of sera when treated with diazo-benzene- 
sulphonic acid They suggest that this is evidence of the presence 
of distmct antibodies which differ m the number and type of specifi- 
cally reactmg groups However, agglutmation occurs m dilutions 
of antiserum which will not form precipitates with molecularly 
dispersed antigen It may be supposed that antibody molecules 
that have too few combming sites to form precipitates with mole- 
cularly dispersed antigens may agglutinate bacteria Eagle, Smith 
and Vickers considered that Type I antipneumococcal serum, treated 
with the diazo compound, which wiU agglutinate pneumococci but 
not form a precipitate with S S S I, did not combine with S S S I If 
this were the case it would leave important theoretical consequences 
They based their conclusion on the fact that mixtures of S S S I 
and treated serum, m which no precipitate is formed, form a precipi- 
tate when untreated serum is added This is, however, what would 
be expected if the treated antibody formed a relatively dissociable 
compiound with S S S I from which it was displaced by untreated 
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antibody This would be comparable to the displacement of toxoid 
from Its combination with antibody by toxin (Heidelberger, 1930). 

Dean (1916) pomted out that the demonstration of complement- 
fixation by a mixture of antigen and antibody without precipitation, 
or vice versa, does not imply that the two reactions are brought about 
by different antibodies The proportion of anfigen to antibody most 
suitable for complement fixation is not the same as the optimum for 
the production of a precipitate Nor in view of what has been said 
about the titration of antibodies can much importance be attached 
to discrepancies between the titres of sera for the various reactions 
which they produce 

There is no doubt that, as Zinsser suggests, a complex antigen, such 
as typhoid bacillus, can give rise to more than one distinct antibody 
For example, the antibodies to the flagellar and somatic antigens of 
the hog cholera bacillus can be separated by specific absorption It 
seems possible that different parts of an antigen molecule even may 
give rise to different antibodies This point has been investigated 
by Heidelberger and Kendall (1934) using as antigen the azo-protein, 
7?-salt-azo-benzidme-azo-egg-albumm The antigen appeared to 
contain no unchanged egg albumm, as it only exceptionally reacted 
with anti-egg-albumm sera Antisera to this compound formed a 
precipitate with egg albumin Egg albumin, if added in sufficient 
amount, precipitated all the antibody to the azo-egg-albumm 
compound from one of the sera studied From others it precipitated 
a large proportion of this antibody On the other hand, the azo- 
egg-albumin precipitated almost aU the antibody that would react 
with egg albumin It therefore appeared that this single molecular 
species used as antigen would give nse to some antibody molecules 
that would react only with the azo-compound and some that would 
react only with egg albumin , but that most of the antibody molecules 
formed would react both with egg albumin and the azo compound 
This Heidelberger and Kendall attributed to the presence in the 
antigen molecule of major antigenic groups A (m this case the f?-salt- 
azo-benzidine groups) and minor antigenic groups B (in this case 
groups common to the azo-egg-albumin and unchanged egg albumm) 
Most of the antibody molecules formed earned receptor sites to both 
A and B, a few to A only, and still fewer to B only The behaviour 
of such an antiserum is wholly different from that of one produced 
by immunizing with two wholly distinct antigens such as egg albumm 
and serum albumm (Dean, Taylor and Adair, 1935) Two such 
distinct antigens, A^ and Aj, produce two distinct sets of antibody 
molecules Uj and a^ , antigen Aj will precipitate only aj and leave the 
amount of Aj unaltered 

When more than one antibody is present m a serum the question 
may arise whether both can be carried on the same globulin molecule 
Hektoen and Boor (1931) immunized a rabbit with 35 antigens , the 
serum reacted with all but 3 After absorption with one of the 
antigens the serum still reacted with most of the others The 
antihaemoglobm precipitms seemed as specific as those that develop 
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from the injection of a single haemoglobm In this case, if we suppose 
all the antibodies are separate and there is 1 mg of each antibody 
globuhn per 1 c c (a moderate amount), the total amount of antibody 
globulm in the rabbit’s serum was 32 mg per c c , which is not 
impossible 

S Ehrlich’s Side-Chain Theory 

Ehrlich’s side-cham theory, providing as it does a concrete picture 
of the processes mvolved, and correlating them with those of normal 
metabolism, must he at the back of aU speculation on immunity 
According to this theory, there are, attached to the protoplasm of 
animal tissues, innumerable side chains — the receptors These re- 
ceptors are concerned, physiologically, with the absorption of food 
molecules, which also have side chams — the haptophore groups It is 
only when fixed by combination of haptophore with receptor that food 
molecules can be incorporated with the cell protoplasm These recep- 
tors also combine with haptophore groups of other foreign molecules, 
and may be formed m excess and detached from the cell protoplasm, 
forming antibodies Further reactions, after the specific combination 
of haptophore and receptor, are produced by other groups on the 
antigen and antibody 

The essential features of the theory, as far as it is involved in this 
discussion, 1 may be said to be (1) combination of antigen and anti- 
body IS a process distinct from any subsequent reaction, such as 
agglutination or precipitation , (2) specific combination takes place 
between certam side chains of antigen and antibody , (3) subsequent 
reactions are produced by groups other than the combmmg groups 

The theory is rendered more plausible by the fact that it fits many 
of the phenomena of enzyme actions In these reactions two stages 
can be recognized (1) combmation between certain groups of enzyme 
and substrate, and (2) some secondary stage, such as hydrolysis of the 
substrate This second stage, however, is not attnbuted to special 
groups of enzyme or substrate, but may be due to some special feature 
of the enzyme, such as the distance between two combining groups 
(Haldane, 1930) 

In immunity reactions the distmction between the two stages, 
combmation and subsequent reaction, was demonstrated by the 
action of modified antibodies, such as agglutinoids, which combine 
with bacteria but do not agglutmate them This feature and the 
second feature — the dependence of the combmation of antigen and 
antibody on specific side chams — are much more obvious m the 
reactions obtained with artificial antigens made by attaching deter- 
mmant groups to proteins In these cases the combination of the 
side chain (the " determmant group ”) with the antibody can be 
demonstrated directly In many cases this combmation is not 
followed by any further reaction, so that the further reaction cannot 
be attributed to the combmation alone However, as with enzyme 

^ It IS not necessary to discuss here other features connected with com- 
plement fixation and with the action of toxins 
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reactions, the further reaction, when it occurs, is probably not due 
to some other definite group m the antigen or antibody, but to the 
general conformation of the molecules Whether the bmding sites of 
natural protems can also be regarded as side chains, or are formed 
by the general configuration of the surface of the moleucle, is un- 
certam The experiments of Landstemer and van der Scheer (1932) 
on polypeptides suggest that certain groups of amino acids may act 
as side chains 

In Ehrlich's theory antibodies are supposed to be receptors for 
normally occurring foodstuffs, formed in excess and broken off It is 
hardly conceivable that so many diverse normal receptors could 
exist and this part of the theory is better replaced by that advanced 
by Breml and Haurowitz (1930) and by Mudd (1932) 

An attractive aspect of the theory is the suggestion that other 
physiological processes, besides enzyme actions, may depend on a 
specific combmation similar to that found in immunity reactions It 
IS conceivable that the direction of many metabolic processes may 
depend on such a combmation, which either anchors some substance 
m a cell or removes it from the field of possible activity Immunity 
reactions, with artificial antigens, afford a unique means of mvestigat- 
ing the possibilities of such specific combmation 

It IS true that the union between antigen and antibody must in 
many cases be classed as an adsorption The msistence of Bordet on 
this aspect of the reaction may have supplied a valuable stimulus 
to the study of such questions as the influence of salt concentration 
But even here, in so far as he considered that specific combmation 
depends on a specific configuration of atoms representable by chemical 
formulae, the developments of immunology appear to have confirmed 
Ehrlich’s views 
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No 50 Cerebro-spmal Fever Studies m the Bacteriology, Preventive 
Control, and Specific Treatment of Cerebro-spmal Fever among the 
Mihtary Forces, 1915—19 By M H Gordon and others [1920 ] 
4s (4s 3d) 

No 124 The Meningococcus By E G D Murray [1929 ] 3s 6d. 
(3s 9d) 

ChemoUierapy . see Streptococcal Infections. 



SpMBftl Reports — conttniud iii 

Child rjfn (Antenatal and Postnatal Investigations) . 

No 10 The Mortalities of Birth. Infancy and Childhood By A K 
Chalmers, W A Brend, L Findlay and J Brownlee [1917 ] Out of 
print 

No 74 The Relation between Home Conditions and the Intelligence of 
Schoolchildren By L Isserhs [1923] Is (Is \d) 

No 81 The Effect of Maternal Social Conditions and Nutrition upon 
Birth-weight and Birth-length ByM Bruce Murray [1924] Is (Is \d) 
No 82 Maternal Syphilis as a cause of Death of the Foetus and of the 
New-born Child By J N Cruickshank [1924 ] Is 6d (Is %d ) 

No 86 The Estimation of Foetal Age, the Weight and Length of Normal 
Foetuses and the Weights of Foetal Organa By J N Cruickshank, 
M J Miller, and F J Browne [1924 ] 2s Sd (2s Sd ) 

No 101 Poverty, Nutrition, and Growth Studies of Child Life m Cities 
and Rural Districts of Scotland By D Noel Paton, Leonard Fmdlay, 
and others [1926 ] 10s (10s Sd ) 

No 109 A Chnical and Pathological Study of 1,673 Cases of Dead-Births 
and Neo-natal Deaths Compiled by E L Holland and J E Lane' 
Claypon [1926 ] 3s 6d {3s Sd ) 

No 114 Social Conditions and Acute Rheumatism [1927 ] 2s Sd, 
(2s Bd) 

No 117 The Toxaemias of Pregnancy A Chnical and Biochemical Study 
By J N Cruickshank, J Hewitt, and K L Couper [1927] 4s (4s 2d} 
No 118 The Cause of Foetal Death m 144 Cases By A C Palmer [1928] 
3s (3s 24) 

No 145 Child Life Investigations The Causes of Neo-natal Death. 

By J N Cruickshank [1930] Out of print 
No 157 Nutritional Anaemia in Infancy The Influence of Iron Deficiency 
on Infant Health By H M M Mackay, L Goodfellow, and A Bradford 
Hill [1931 ] 2s (2s 24 ) 

No 162 Intelligence and Disease By Shepherd Dawson assisted by 
J C M Conn [1931] Is (Is 24) 

No 190 A Study of Growth and Development Observations m Successive 
Years on the Same Children By R M Flemmg With a Statistical 
Analysis by W J Martm [1933] Is 64 (Is 84 ) 

See also Nutrition , Rickets 


Dental Disease * 

No. 70 The Structure of Teeth m relation to Dental Disease By J 
Howard Mummery [1922 ] 2s (2s 14 ) 

No 97 The Incidence of Dental Disease in Children By the Committee 
for the Investigation of Dental Disease [1925] Is 64 (Is 84) 

No 140 Diet and the Teeth an Experimental Study Part I Dental 
Structure m Dogs By May Mellanby [1929 ] Out of print 
No 153 Diet and the Teeth An Experimental Study Part II A — Diet 
and Dental Disease B — Diet and Dental Structure m Mammals other 
than the Dog By May Mellanby [1930 ] 2s 64 (2s 94 ) 

No 159 The Influence of Diet on Canes m Children's Teeth (Interim 
Report) By the Dental Committee [1931 ] 64 (74 ) 

No 171 Facial Growth in Children, with Special Reference to Dentition, 
Part I, by Consande Smyth Part II, by Matthew Young [1932] 
Is 64 (Is 84) 

No 191 Diet anQ the Teeth ' an Experimental Study Part III The 
Effect of Diet on Dental Structure and Disease m Man. By May Mellanby 
[1934 ] 5s (5s 44 ) 

O 2 
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iv Special Reports — amttnued 

No 211 The Influence of Diet on Canes m Children's Teeth (Final 
Report) By the Committee for the Investigation of Dental Disease 
[1930 ] 2 j (2i 3d) 

No 225 Investigations into the Nature and Characteristic Features of 
Post-Normal Occlusion By Matthew Young, Elsa Johnson, Corisande 
Smyth and Mildred StiU [1937 ] Ir 6ii (Is Bd ) 

DiphtheiiB : 

No 115 The Prevention of Diphthena By J Graham Forbes [1927] 
2s (2s 2d ) 

(Book) Diphtheria its Bactenology, Pathology, and Immunology By 
the Bacteriological Committee [1923 ] 12s 6d (13s ) 

See also Epidemiology (Nos 75, 137 and 195) 

Dnsl: . see Respiration, etc , (No 212), Ventilation, etc 

Dysentery 

No 4 Reports upon Investigations in the United Kmgdom of Dysentery 
Cases received from the Eastern Mediterranean — I — Amoebic Dysentery 
and the Protozoological In\ estigation of Cases and Carriers By C Dobell 
[1917] Out of print 

No 5 Ditto II — Report upon 878 Cases of Bacillary Enteritis By 
L Rajchman and G T Western [1917] Out of print 
No 6 Ditto III — Report upon recovered Cases of Intestmal Disease in 
the Royal Naval Hospital, Haslar, 1915-16 By Paul Fildes and others 
IV — Report upon combined Chnical and Bacteriological Studies of 
Dysentery Cases from the Mediterranean By S K Douglas and L 
Colebrook [1917] 4 j Bd (4s 8if) 

No 7 Ditto V — Report upon 2,360 Ententis " Convalescents ” received 
at Liverpool from various Expeditionary Forces By E Glynn and 
others [1918] 6s (6s 2d) 

No 15 A Study of 1,300 Convalescent Cases of Dysentery from Home 
Hospitals with special reference to the Incidence and Treatment of 
Aminhic Dysentery' Carriers By Clifford Dobell, H S Gettmgs, Margaret 
W Jepps, and J B Stephens [1918] Is 3d (Is id) 

No 29 A Contribution to the Study of Chronicity m Dysentery Carriers 
By W Fletcher and Dons L Mackmnon [1919 ] 9i (lOd ) 

No 30 An Investigation of the Flexner-Y Group of Dysentery Bacilli 
By H S Gettings [1919 ] Is (Is \d ) 

No 40 Studies of Bacillary Dysentery occurring m the Bntish Forces m 
Macedonia By L S Dudgeon and others [1919] 3s (3s 2d) 

No 42 A Study of the Serological Races of the Flexner Group of Dysentery 
Bacilli By F W Andrewes and A C Inman [1919] 2s (2s 2d) 

See also Food Poisoning 

Encephahtis : 

No 108 The Sheffield Outbreak of Epidemic Encephahtis m 1924 [1926] 

Is 9d (Is Ud) 

Entenc Iniectiona 

No 9 A Report upon the Use of Atropine as a Diagnostic Agent in Typhoid 
Infections By H F Mams [1917] Is (Is Id) 

No 48 A Report on the probable Proportion of Entenc Infections among 
Undiagnosed Febrile Cases uivahded from the Western Front since 
October, 1916 By W W C Topley, S G Platts, and C C Imne 
[1920 ] 3s (3r 2d) 

No 179 Chronic Entenc earners and their Treatment ByC H Browmng 
with others [1933 ] Is Bd (Is 8d ) 

See also Bacteriology , Food Poisoning 



fipeoUI Repoita—amttnued. v 

Epidemiology : 

No 75 The Schick Test. Diphthena and Scarlet Fever By S F Dudley. 
[1923] Is (Is 2d) 

No 111 The Spread of Droplet Infection m Semi-isolated Communities 
By S F Dudley [1026 ] Is 6d (Is Sd ) 

No 120 An Inquiry into the Relationship between Housmg Conditions 
and the Incidence and Fatality of Measles By J L HaUiday [1928 ] 
Is (Is Id) 

No 137 Scarlet Fever, Diphtheria and Enteric Fever. 1895-1914 A 
Chnical-Statistical Study By E W Goodall, M Greenwood, and W T 
Russell [1929 ] 2s (2s 2d ) 

No 180 Epidemiological Study of Scarlet Fever m England and Wales 
since 1900 By Hilda M Woods [1933 ] Is 3d (Is Sd ) 

No 192 Housing Conditions and Respiratory Disease Morbidity m a 
Poor-class Quarter and m a Rehousmg Area m Glasgow By C M 
Smith [1934] 9<i (lOd ) 

No 195 Active Immunization agamst Diphtheria its effect on the 
Distribution of Antitoxic Immunity and Case and Carrier Infection 
By S F Dudley, P M May. and J A O’Flynn [1934 ] 3s (3s 3d ) 
No 209 Experimental Epidemiology By M Greenwood, A B Hdl, 
W W C Topley, and J Wilson [1936 ] 3s 6d (3s \Qd ) 

No 227 Epidemics in Schools An Analysis of the data collected during 
the First Five Years of a Statistical Inquiry By the School Epidemics 
Committee [1938] 4s 6d (4s lid) 

See also Small-pox , 'Tuberculosis . Influenza , etc 

Flymg, Medical Problems ol . 

No 28 Reports of the Air Medical Investigation Committee — The Sense 
of Balance and Stabihty in the Air By Henry Head [1919] 9d (lOd) 
{Also included in No 53 ) 

No 37 Ditto The Effects of Dimmished Tension of Oxygen, with especial 
reference to the Activity of the Adrenal Glands By C H Kellaway The 
Ear in relation to certain Disabdities in Flymg By S Scott [1919 ] 
Is (Is Id) 

No 53 Ditto The Medical Problems of Flymg (mcludmg reports on 
oxygen want, selection of candidates for flymg, sense of balance, and 
fl)ang strain; [1920] 6s (Gs id) 

No 84 The Application of the Air Force Physical Efficiency Tests to Men 
and Women By L D Cripps [1924 ] Is Sd (Is 8d ) 

Food Poisoning ‘ 

No 24 A Report on the Investigation of an Epidemic caused by Bacillus 
aertrycke By H Marnan Perry and H L Tidy [1919] 9d (lOd ) 

No 91 An Investigation of the Salmonella Group, with Special Reference 
to Food Poisonmg By W G Savage and P Bruce White [1925 ] 
3s Sd (3s Bd) 

No 92 Food Poisomng a Study of 100 Recent Outbreaks By W. G. 

Savage and P Bruce White [1925 ] 2s Sd (2s 8d ) 

No 103 Further Studies of the Salmonella Group By P Bruce White 
[1926 ] 5s (Ss 3d) 

Goitre . see Iodine 

Haemoglobm , see Blood 

Heaimg . 

No 166 Reports of the Committee upon the Physiology of Hearmg 
I — The Locahzation of Sounds m the Median Plane By J H Shaxby 
and F H Gage II — Some Factors m Auditory Localization By 
H E O James and Marion E Massey [1932 ] Is (Is 2d ) 



VI SpeeiB] BeportB—conitfiutii 

No 207 Ditto III — The Localization of Sound By H E O. James 
[1936] Bd (lOd) 

No 219 Ditto IV — The Use of Hearing Aids By A W G Ewmg, 

I R Ewing and T S Littler [1936 ] 9d (lOd ) 

No 221 Ditto V — ^Hearmg and Speech in Deaf Children By PhyUia 
M T Kemdge [1937] 2s (2s 3d) 

Heart 

No 8 Report upon Soldiers retomed as Cases of " Disordered Action of the 
Heart " (D A H ), or Valvular Disease of the Heart By Sir Thomas 
Lewis [1917] Is (Is Id) 

No 147 The Electrocardiogram By W H Craib [1930 ] Is 3ii 
(Is 5d) 

No 208 The Course of the Oesophagus in Health, and m Disease of the 
Heart and Great Vessels By William Evans [1936 ] 2s 3d (2s 9d ]. 

No 222 The Development of Cardiac Enlargement m Disease of the 
Heart A Radiological Study By J H Palmer [1937] Is (Is 2d) 

Heredity ■ SSS IsiBSXJMlTV (^lo 196] , AIENX AL (hlo 229] 

Immunity i 

No 196 The Inheritance of Resistance to Infection in Anrnial Species 
A Review of the Published Experimental Data By A Bradford Hill 
[1934 ] Is 3ii (Is Sd ) 

See also Epidemiology 

No 230 The Chemistry of AnUgens and Antibodies By J R Marrack 
Second Edition [1938] 3s (3s 3d) 

Industrial Health 

The Annual Reports of the Industrial Health (formerly Fatigue) Research 
Board, and special reports on particular subjects, are published for the 
Council m separate senes The subjects dealt with include accident 
causation, rest pauses, spells of work, movement study, vocational 
selection, and problems of particular industries A list can be supplied 
on apphcation to the Secretary of the Board, 38, Old Queen Street, 
Westminster, S W 1 

Influenza ; 

No 36 Studies of Influenza m Hospitals of the Bribsh Armies m France, 
1918 [1919] 3s 3d (3s 8d ] 

No 63 Studies m the Aetiology of Epidemic Influenza By J McIntosh 
[1922 ] 2s 6d (2s 7d) 

No 228 A Study of Epidemic Influenza W'lth Special Reference to the 
19J6-7 Epidemic By C H Stuart-Hams, C H Andrewes and Wilson 
Smith, with D K M Chalmers, E^G H Cowen and D L Hughes [1938 ] 
2s 6d (2s 8d ] 

Iodine 

No 123 Iodine m Nutntion a Review of Existmg Information By J B 
Orr and I Leitch [1929 ] Out of pnnt 

No 154 lodme Supply and the Incidence of Endemic Goitre By J B 
Orr [1931] id (5d ) 

No 201 The Determination of lodme in Biological Substances By 
C O Harvey [1935 ] Is (Is 2d ) 

No 217 The Relationship of the Iodine Contents of Water, MiUr and 
Pasture to the Occurrence of Endemic Goitre in Two Districts of England 
By the Committee on lodme Deficiency and Thyroid Disease, with 
Sections by Matthew Young and M G Crabtree and E M Mason [1936] 
6d {Id) 
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Jamdioe - 

No 113. SpmxJiaetal Jaundice By G Buchanan [1927 ] 45 (45 2d), 
Light, Aobon of 

No 131 Irradiation and Health By D Colebrook [1929] Out of 
print 

Halaiia : see Quinine. 

BHatemal Mortality : see Child Life , Streptococcal Infections 
Measles ; see Epidemiology (No 120) 

Mental Defect . 

No 229 A Clinical and Genetic Study of 1,280 Cases of Mental Defect 
By L S Penrose [1938] 25 6d (25 8(f) 

Milk ■ 

No 49 On the Destruction of Bacteria in Milk by Electricity By 
J Beattie and F C Lewis [1920] Out of print 
No 206 The Bacteriological Grading of Milk By G S Wilson [1935 ] 
75 Sd (85 ) See also Tuberculosis (No 189) 

Miners’ Dietaries . see Nutrition 
Miners’ Diseases, etc ' 

No 89 Report on Miners' " Beat Knee," " Beat Hand,” and “ Beat 
Elbow" By E L Collis and T L Llewellyn [1924] Is 6d (Is 7d) 
See also Jaundice (No 113) 

Miners’ Nystagmus - see Vision 
Nephritis ; 

No 43 Albuminuna and War Nephritis among British Troops m France. 

By H MacLean [1919] 2s 6d (2s 8ii ) 

No 142 A Classification of Bright’s Disease By Dorothy S Russell 
[1929] 85 6d (8s lOd) 

No 178 A Study of Nephritis and Alhed Lesions By J Gray [1933 ] 
2s 6d (2s 9d) 

Nerve Injunes ' 

No 54 Reports of the Committee upon Injuries of the Nervous System — 
[I ] — The Diagnosis and Treatment of Peripheral Nerve Injuries [1920 ] 
2s (2s 2d) 

No 88 Ditto II — Injuries of the Spinal Cord and Cauda Equma 
[1924] Is 6ii (Is ad) 

Nutrition , 

No 13 An Inquiry into the Composition of Dietaries, with Special 
Reference to the Dietaries of Munition Workers By Viscount Dunluce 
and M Greenwood [1918] Out of print 
No 87 Report on the Nutrition of Mmers and their Famihis By the 
Committee upon Quantitative Problems m Human Nutrition [1924 ] 
Is 3d (Is 4d) 

No 105 Diets for Boys durmg the School Age By H C Corxy Maun. 
[1926] 2s 6d (2s Sd) 

No 135 The Carbohydrate Content of Foods By R A McCance and 
R D Lawrence [1929] Out of print 
No 146 The Antiscurvy Vitamm m Apples By Mary F BraceweD. 

E Hoyle, and S S Zilva [1930 ] 9d (lOd ) 

No 151 A Study m Nutrition An Inquiry into the Diet of 154 Families 
of St Andrews By E P Cathcart and AMT Murray [1931 ] 
Out of print 

No 155 Studies of Nutrition The Physique and Health of Two African 
Tribes By J B Orr and J L Gilks [1931 ] Out of print 
No 158 The Quantitative Estimation of Vitamm D by Radiography 
By R B Bourdillon, H M Bruce, C Fischmann, and T A Webster. 
[1931 ] Is (Is 2d) 



vlil Bpeoial Beporti — continued. 

No 165 Studies m Nutrition An Inquiry into the Diet of Families in 
Cardiff and Reading By E P Cathcart and A M T Murray [1932] 
Sul of print 

No 167 Vitamins A Survey of Present Knowledge By a Committee 
appointed jomtly by the Lister Institute and Medical Research Council 
1932 6s 6d (7s ) 

No 175 Vitamm Content of Austrahan, New Zealand, and Enghsh Butters 
By M E F Crawford, E O V Perry, and S S Zilva [1932 ] Is (Is Id ) 

No 187 The Chemistry of Flesh Foods and their Losses on Cooking By 
R A McCance and H L Shipp [1933 ] 2s 6d (2s 9d ) 

No 213 The Nutritive Value of Fruits, Vegetables and Nuts By 
R A McCance, E M Widdowson and L R B Shackleton [1936 ] 
2s (2s 2d ) 

No 218 A Dietary Survey in Terms of the Actual Foodstufis Consumed 
By E P Cathcart and A M T Murray [1936] Is (Is 2d) 

See also Child Life . Rickets Dental Disease , Iodine , Standards 
(No 202) . Bacteriology (No 210) 

Pitmtaiy Extract ‘ see Standards 
Pneumonia . 

No 79 Bacteriological and Clinical Observations on Pneumonia and 
Empyemata, with special reference to the Pneumococcus and to Serum 
Treatment By E E Glynn and Lattice Digby [1923 ] 5s (Ss 3(i ) 
Pneumothorax, Artificial . see Tuberculosis 
Print, Leglbihty of . see Vision 
Protozoan Infections 

No 59 A Report on the Occurrence of Intestmal Protozoa in the inhabi- 
tants of Bn tarn By Clifiord Dobell [1921 ] 2s (2s 2d ) 

Psychology : 

No 170 Studies in the Psychology of Delinquency By G W Pailthorpe 
[1932] 2s (2s 2d) 

Qumme . 

No 96 Clinical Compansons of Qumme and Quinidme By the Committee 
upon Cinchona Derivatives and Malana [1925 ] Is (Is Id) 


Bodium 

No 62 Medical Uses of Radium StudiesoftheEflectsof Gamma Rays from 


a 

large Quantity of Radium By various authors [1922] 5s (55 5d) 

No 

90 

Medical Uses of 

Radium 

Summary of Reports from Research 

Centres for 1923 [1924 ] Is (1 

s Id) 

No 

102 

Ditto for 1924 

[1926] 

Is 6d (Is 7d) 

No 

112 

Ditto for 1925 

[1926 ] 

Is 3d (Is 4d) 

No 

116 

Ditto for 1926 

[1927 ] 

Is (Is 2d) 

No 

126 

Ditto for 1927 

[1928] 

Is (Is 2a ) 

No 

144 

Ditto for 1928 

[1929 ] 

Is (Is Id) 

No 

150 

Ditto for 1929 

[1930] 

9d (lOd) 

No 

100 

Ditto for 1930 

[1931 ] 

Is (Is Id) 

No 

174 

Ditto for 1931 

[1932] 

Is 3d (Is 5d) 

No 

186 

Ditto for 1932 

[1933 ] 

Is (Is Id) 

No 

197 

Ditto for 1933 

[1934 ] 

9d (lOd) 

No 

204 

Ditto for 1934 

[1935] 

Is (Is 2d) 

No 

216 

Ditto for 1935 

[1936] 

Oal of p! ml 

No 

226 

Ditto for 1936 

[1937 ] 

Is (Is 2d) 

No 

231 

Report on Radium Beam Therapy Research, 1934-38 By 


Constance A P Wood, L G Gnmmett, T A Green and others 
[1938 ] 4s (4s 2d) 


Radiology ' 

No 223 Some Quantitative Aspects of the Biological Actions of X and y 
Rays ByC M Scott [1937] Is 6d (Is Si) 



Special Reports — continued. ix 

Respiiation and Respirator; Diseases : 

No 198 Teat for Respiratory Efficiency. By A. Moncnefi [1034 1 
Ij {Is 2d) ^ 

No 212 Investigations on Respiratory Dust Disease in Operatives in the 
Cotton Industry By C Prausnitz [1936 ] 2s 6d (2s 9d ) 

RheumatlBlli : see Child Life (No 114), 

Rickets ; 

No 20 A Study of Social and Economic Factors m the Causation of 
Rickets By M Ferguson and L Findlay [1918] Out of print 
No 61 Experimental Rickets By E Mellanby [1921 ] 4s (4s 2d ) 
No 68 Rickets the Relative Importance of Environment and Diet as 
Factors in Causation By H Corry Mann [1922] 2s 6d (2s %d) 

No 71 The Aetiology and Pathology of Rickets from an experimental 
point of view By V Korenchevsky [1922] 4s (4s 3d) 

No 77 Studies of Rickets m Vienna, 1919-22 [1923] 7s 6d (7s lid) 

No 93 Experimental Rickets The Effect of Cereals and their Interaction 
with other factors of Diet and Environment m producing Rickets By 
E Mellanby [1925 ] 3s 6d (3s 8d ) 

Salvarsan . see Venereal Diseases , Streptococcal Infections, Standards 
Biological (No 128) 

Bcarlet Fever . see Epidemiology (Nos 137, 180) 

Scurvy : see Nutrition (No 146) 

Shock, Surgical . 

No 25 Reports of the Committee on Surgical Shock and Allied Conditions — 
I-VII — Wound-Shock and Haemorrhage [1919] 4s (4s 5d ) 

No 26 Ditto VIII — Traumatic Toxaemia as a Factor in Shock [1919] 
Is (Is Id) 

No 27 Ditto IX — Blood Volume Changes m Wound-Shock and Pnmary 
Haemorrhage By N M Keith [1919] 9d (lOd) 

Small-pox 

No 98 Studies of the Viruses of Vaccmia and Variola By M. H Gordon. 
[1925 ] 3s 6d (3s 9d ) 

No 106 Small-pox and Climate m India Forecastmg of Epidemics 
By Sir Leonard Rogers [1926 ] 2s (2s 2d ) 

No 143 Diagnostic Value of the " Vaccmia Variola '' Flocculation Test 
By W L Burgess, James Craigie, and W J Tulloch [1929] Is 3d 
(Is 4d) 

No 156 Further Investigations on the Vanola-Vaccmia Flocculation 
Reaction By James Craigie and W J Tulloch [1931 ] 3s (3s 3d ) 

Spectroscopy : 

No 177 Apparatus for the Rapid Study of Ultra-Violet Absorption 
Spectra By J St L Philpot and E H J Schuster [1933 ] Is 3d 
(Is 5d) 

Spmal Deformities : see Surgery (No 161) 

Standards, Biological : 

No 69 1 — Pituitary Extracts By J H Bum and H H Dale [1922 ] 

Is 6d (Is 7d) 

No 128 II — Toxicity Tests for Novarsenobenzene (Neosalvarsan) By 
F M Durham, J H Gaddum, and J E Marchal [1929 ] Is 9d 
(Is lOd) 

No 183 III — Methods of Biological Assay dependmg on a Quantal 
Response By J H Gaddum [1933] Is (Is Id) 

No 202 IV — The Standardisation and Estimahon of Vitamm A Edited 
by E M Hume and H Chick [1935] D (D 2d) 

See also Venereal Diseases (No 44) , Nutrition (No 158) 



X 


Special Rep(vt> — con/mutd, 

BtatbUoa (Miscellaneous) : 

No J6 A Report on the Causes of Wastage of Labour m Munition Factones 
By Major Greenwood [1918 ] Is 6d (Is 7d ) 

No 60 The Use of Death-rates as a Measure of Hygienic Conditions By 
John Brownlee [1922 ] 3s (3s 2d ) 

No 95 Internal Migration and its Efiects upon the Death-rates with 
Special Reference to the County of Essex By A B Hill [1925] 
3s 6d (3s 

Streptococcal Inlectioiu : 

No 119 A Study of some Organic Arsenical Compounds with a view to 
their use m certain Streptococcal Infections By L Colebrook [1928 ] 
Is 3d (Is 4d ) 

No 205 The Source of Infection m Puerperal Fever due to Haemolytic 
Streptococci By Dora C Colebrook [1935 ] Is 6i (Is 9d ) 

Surgery : 

No 125 A Study of Intracranial Surgery By H Cairns [1929 ] 
Out of print 

No 138 The Preparation of Catgut for Surgical Use By W Bulloch, 

L H Lampitt, and J H BushiU [1929 ] 4s (4s 3d ) 

No 161 The Intervertebral Discs Observations on their Normal and 

Morbid Anatomy m relation to certam Spmal Deformities By O A 
Beadle [1931] 2s (2s 2d) 

See also Burns , Shock, Surgical 

T.N T. Poisoning 

No 11 The Causation and Prevention of Tn-nitro-toluene (TNT) 

Poisoning By Benjamm Moore [1917 ] Is (Is 2d ) 

No 58 TNT Poisonmg and the Fate of T N T in the Animal Body 
By W J O'Donovan and others [1921 ] 3s (3s 2d ) 

Tuberculosis 

No 1 Fust Report of the Special Investigation Committee upon the 
Incidence of Phthisis in relation to Occupations — The Boot and Shoe 
Trade [1915] 3d (SJd ) 

No 18 An Investigation into the Epidemiology of Phthisis m Great 
Britain and Ireland By J Brownlee [1918] Out of print 
No 22 An Inquiry mto the Prevalence and Aetiology of Tuberculosis 
among Industrial Workers, with special reference to Female Munition 
Workers By Major Greenwood and A E Tebb [1919] Is 6d (Is Id) 
No 33 Pulmonary Tuberculosis Mortahty after Sanatonum Treatment 
By Noel D Bardswell and J H R Thompson [1919 ] 2s (2s 2d ) 

No 46 An Investigation into the Epidemiology of Phthisis in Great 
Britain and Ireland Part III By John Brownlee [1920 ] 2s 6d 
(2s 8d) 

No 67 Report on Artificial Pneumothorax By L S T Burrell and A S 
MacNalty [1922] 2s 6d (2s 8d ) 

No 76 Tuberculosis m Insured Persons accepted for Treatment by the 
City of Bradford Health Committee By H Vallow {1923 ] 6d (7d ) 
No 83 Tuberculosis of the Larynx By Sir St Clau Thomson [1924 ] 
2s 6d (2s 8d ) 

No 85 An Inquiry mto the After-Histones of Patients treated at the 
Brompton Hospital Sanatonum at Fnmley during the years 1905-14 
By Su P H -S Hartley, R C Wingfield, and J H R Thompson [1924 ] 
Is 6d (Is 7d) 

No 94 Tuberculm Tests m Cattle, with special reference to the Intrader- 
mal Test By the Tuberculm Committee [1925 ] 3s (3s 3d ) 

No 122 The Intradermal Tuberculin Test m Cattle Collected Results of 
Experience By J B Buxton and A S MacNalty [1928 ] Is 6d 
(Is Bd) 



■pedal Reports — continued. xi 

No 149 Tuberculosis in Man and Lower Animals By H H Scott 
[1930] Out of print ^ 

No 152 Studies oi Protection agamst Tuberculosis Results with B C 
G Vaccine m Monkeys By A Stanley Griffith [1931] 9d (lid) 

No 164 The Value of Tubercuhn Tests in Man, with Special Reference 
to the Intracutaneous Test By P D'Arcy Hart [1932] Out of print 
No 172 Tuberculosis Disease m Children Its Pathology and Bacteri- 
ology By J W S Blacklock [1932 ] 3s (3s 3d ) 

No 182 Tuberculous BaciUaemia, A Review By G S Wilson [1933] 
2s ed (2s 8d) 

No 184 The Eradication of Bovine Tuberculosis By L Jordan [1933 ] 
2s (2s 2d) 

No 189 Tuberculous Infection in Milk A Report by the Department of 
Health for Scotland [1933 ] 9d (lOd ) 

No 215 Artificial Pneumothorax Experience of the London County 
Council By F J Bentley [1936] Is 6d (Is 8d ) 


Venereal Diseases 

No 19 The Laboratory Diagnosis of Gonococcal Infections Methods for 
the Detection of Spironema pallidum By the Bacteriological Committee 
New Edition [1923] Is 6d (Is 9d ) 

No 21 The Diagnostic Value of the Complement Fixation Test in Syphihs, 
commonly known as the Wassennann Test By the Special Committee 
upon the Standardization of Pathological Methods [1918 ] Out of print 
No 23 An Analysis of the Results of Wassermann Reactions in 1,435 
Cases of Syphilis or Suspected Syphilis By Paul Fildes and R J G 
Parnell [1919] 2s (2s Id) 

No 41 (I ) An Investigation into the Ultimate Results of the Treatment 
of Syphilis with Arsenical Compounds By Paul Fildes and R J G 
Parnell (11 ) A Clinical Study of the Toxic Reactions which follow the 
Intravenous Administration of " 914 " By R J G Parnell and Paul 
Fildes [1919] 2s (2s Id) 

No 44 Reports of the Special Committee upon the Manufacture, Biolo- 
gical Testing, and Clinical Administration of Salvarsan and of its Sub- 
stitutes I [1919 ] Is (Is Id ) 

No 45 Unsuspected Involvement of the Central Nervous System in 
ayphUis By Paul Fildes, R J G Parnell, and H B Maitland [1920 ] 
Is (Is Id) 

No 47 The Accuracy of Wassermann Tests, applied before and after 
death, estimated by Necropsies I The Wassermann Test apphed before 
death By H M Turnbull [1920 ] 2s 6d (2s 8d ) 

No 55 (1 ) Results of the Examination of Tissues from Eight Cases of 

Death following Injections of Salvarsan By H M TumbuU (II ) 
The Influence of Salvarsan Treatment on the Development and Persis- 
tence of Immunity, as mdicated by Measurements of Agglutmms By E 
W Ainley Walker [1920 ] 3s (3s 2d ) 

No 66 Toxic Eflects foUowmg the Employment of Arsenobenzol Prepara 
tions By the Salvarsan Committee [1922 ] 2s (2s 2d ) 

No 78 The Serum Diagnosis of Syphilis The Wassermann and Sigma 
Reactions compared [1923 ] 5s 6d (Ss Od ) 

No 107 The Effect of Treatment on the Wassermann Reactions oi 
Syphilitic Patients By E E Glynn, R E Roberts, and P M Bigland 
[1926] 3s 6d (3s 8d ) 

No 129 The Wassermann Test Technical Details of No 1 Method 
M R C (Modified) By E J Wyler [1929 ] 9d (lOd ) 
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No 132 The treatment of Syphilis A Survey of Records from St 
TJioinas's Hospital By L W Harrison [1929 ] 2i (2 j 2ii ) 

No 224 An Analysis of the Results of Treatment of Early, Latent, and 
Muco-Cutaneous Tertiary Syphilis By W R Snodgrass and R J 
Peters [1937] 2s (2s 3d) 

Vent lation, etc ' 

No 32 The Science of Ventilation and Open-air Treatment Part I 
By Leonard HiU [1919] 10s (10s 4d) 

No 52 The Science of Ventilation and Open-air Treatment Part II 
By Leonard HiU [1920 ] 6s (6s Sd ) 

No 73 The Kata-thermometer in Studies of Body Heat and Efl5ciency 
By Leonard Hill and others [1923 ] Ss (5s 3ii ) 

No 100 Methods of Investigating Ventilation and its Effects By H M 
Vernon and others [1926 ] 2s (2s 2d ) 

No 199 Physical Methods for the Estimation of the Dust Hazard m 
Industry By H L Green and H H Watson [1935] Is (Is 2ii ) 

Vunsea see Bacteriology , Small-pox , Ere 


Vision : 

No 65 First Report of the Miners’ Nystagmus Committee [1922 ] 
Out of print 

No 80 Second Report of the Miners' Nystagmus Committee [1923] 
9d (lOd ) 

No 110 'The Legibility of Print By R L Pyke [1926] 4s (4s 2if ) 

No 176 Third Report of the Miners’ Nystagmus Committee [1932 ] 
9d (lOd) 

No 104 Reports of the Committee on the Physiology of Vision — 
I — Illumination and Visual Capacities By R J Lythgoe [1926] 
2s ed (2s 8d) 

No 127 Ditto 11 — Dark Adaptation (a Review of the Literature) By 
Dorothy Adams [1929] 5s (5s 3d) 

No 130 Ditto III — Two Studies in the Psychology of Readmg By 

M D Vernon and R W Pickford [1929] 2s (2s 2d) 

No 133 Ditto IV — Experiments on Binocular Vision By N M S 
Langlands [1929 ] 2s 6d (2s 8(f ) 

No 134 Ditto V — The Adaptation of the Eye its Relation to the 

Critical Frequency of Flicker By R J Lythgoe and K Tansley 
[1929] 2s 6d (2s 8d ) 

No 136 Ditto VI — Some Experiments on Peripheral Vision By Myer 
Salaman [1929] 2s 6d (2s 7d ) 

No 139 Ditto VII — A Re-detemunation of the Trichromatic Mixture 
Data ByW D Wnght [1929] Is 3d (Is 4d ) ^ 

No 148 Ditto VIII — The Movements of the Eyes in Reading [1930 ] 

Out of print 

No 163 Ditto IX — Psychological Factors m Peripheral Vision By 
G C Grmdley [1931 ] Is (Is \d ) 

No 173 Ditto X — The Measurement of Visual Acuity By R J 
Lythgoe [1932] Is 6d (Is. 8d ) 

No 181 Ditto XI — Individual Differences m Normal Colour Vision 
By W O’D Pierce [1933] 2s (2s 2d ) 

No 185 Ditto XII — ^Colour Vision Requirements m the Royal Navy. 
[1933] Is (Is 2d) 
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No 188 XIII Determmation of the Sensitiveness of the Eye to Diher- 
ences m the Saturation of Colours By L C Martin, F L Warlpirton, 
and W J Morgan [1933 ] Is (Is \d ) 

No 200 XIV Characteristics of Dichromatic Vision. By F H G Pitt 
[1935] Is 3if (Is Si) 

Vitamina : see Nutrition 

WasBeimBim Test : see Venereal Diseases. 

Wound Infeobons : 

No 12 The Classification and Study of the Anaerobic Bacteria of War 
Wounds By J McIntosh [1917] Out of print 
No 39 Report on the Anaerobic Infections of Wounds and the Bacteri- 
ological and Serological Problems arising therefrom By the Committee 
upon Anaerobic Bacteria and Infections [1919] 6s (6s 4d) 

No 57 Studies in Wound Infections By S R Douglas, A Fleming, and 
L Colebrook [1920] 4s 6i (4s 9i ) 
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. NUMERICAL INDEX TO SPECIAL REPORTS 

(Reference is made to the headings in the preceding classified hst. 
Reports printed m italics are out of pnnt ) 


1 Tuberculosis 

2 Cerebrospinal 

fever 

3 „ 

4 Dysentery 

6 

6 Dysentery 

7 

8 Heart 

9 Enteric infections 

10 Child life 

11 TNT poisoning 

12 Wound infections 

13 Nutrition 

14 Replaced by 

15 Dysentery 

16 Statistics 

17 Cerebro-spmal 

fever 

18 7 uberculosis 

19 Venereal diseases 

20 Rickets 

21 Venereal diseases 

22 Tuberculosis 

23 Venereal diseases 

24 Food poisoning 

25 Shock, surgical 

26 „ 

27 „ 

28 Flying 

29 Dysentery 

30 

31 Alcohol 

32 Ventilation 

33 Tuberculosis 

34 Alcohol 

35 Bactenology 

36 Influenza 

37 Flying 

38 Replaced by 167 

39 Wound infections 

40 Dysentery 

41 Venereal diseases 

42 Dysentery 

43 Nephritis 

44 Venereal diseases 

45 

46 Tuberculosis 

47 A^enereal diseases 


48 Enteric mfections 

49 Milk 

50 Cerebro-spmal 

fever 

51 Bactenology 

52 Ventilation 

53 Flying 

54 Nerve injunes 

55 Venereal diseases 

56 Alcohol 

57 Wound infections 

58 T N T poisoning 

59 Protozoan 

infections 

60 Statistics 

61 Rickets 

62 Radium 

63 Influenza 

64 Replaced iy 214 

65 Vision 

66 Venereal diseases 

67 Tuberculosis 

68 Rickets 

69 Standards, 

biological 

70 Dental disease 

71 Rickets 

72 Blood physiology 

73 Ventilation 

74 Child life 

75 Epidemiology 

76 Tuberculosis 

77 Rickets 

78 Venereal diseases 

79 Pneumonia 

80 Vision 

81 Child hfe 

82 „ 

83 Tuberculosis 

84 Fl5nng 

85 Tuberculosis 

86 Child life 

87 Nutrition 

88 Nerve injuries 

89 Miners’ diseases 

90 Radium 

91 Food poisonmg 

92 „ 

93 Rickets 


94 Tuberculosis 

95 Statistics 

96 Quinine 

97 Dental disease 

98 Small-pox 

99 Cancer 

100 Ventilation 

101 Child life 

102 Radium 

103 Food poisoning 

104 Vision 

105 Nutrition 

106 Small-pox 

107 Venereal diseases 

108 Encephalitis 

109 Child life 

110 Vision 

111 Epidemiology 

112 Radium 

113 Jaundice 

114 Child life 

115 Diphtheria 

116 Radium 

117 Child life 

118 „ 

119 Streptococcal 

infections 

120 Epidemiology 

121 Animals, disease of 

122 Tuberculosis 

123 Iodine 
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fever 

125 Surgery 

126 Radium 

127 Vision 

128 Standards, 

biological 

129 Venereal diseases 

130 Vision 

131 Light 

132 Venereal diseases 

133 Vision 

134 „ 

135 Nutrition 

136 Vision 

137 Epidemiology 

138 Surgery 
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140 Dental disease 

141 Bums 

142 Nephntis 

143 Smallpox 

144 Radium 

145 Child life 

146 Nutrition 

147 Heart 

148 Vision 

149 Tuberculosis 

150 Radium 

151 Nutrition 

152 Tuberculosis 

1 53 Dental disease 

154 lodme 

155 Nutrition 

156 Small-pox 

157 Child life 

158 Nutrition 

159 Dental disease 

160 Radium 

161 Surgery 

162 Child life 

163 Vision 

164 Tuberculosis 

165 Nutrition 

166 Hearing 

167 Nutntion 

168 Alcohol 

169 Bactenology 

170 Psychology 

171 Dental disease 


172 Tuberculosis 

173 Vision 

174 Radium 

175 Nutrition 

176 Vision 

177 Spectroscopy 

178 Nephritis 

179 Enteric infections 

180 Epidemiology 

181 Vision 

182 Tuberculosis 

183 Standards, 

biological 

184 Tuberculosis 

185 Vision 

186 Radium 

187 Nutntion 

188 Vision 

189 Tuberculosis 

190 Child life 

191 Dental disease 

192 Epidemiology 

193 Blood vessels 

194 Replaced by 230 

195 Epidemiology 

196 Immunity 

197 Radium 

198 Respiration 

199 Ventilation 

200 Vision 

201 Iodine 


202 Standards, 

biological 

203 Bactenology 

204 Radium 
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207 Hearing 

208 Heart 

209 Epidemiology 

210 Bactenology 

211 Dental disease 
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214 Bactenology 

215 Tuberculosis 

216 Radium 

217 Iodine 

218 Nutntion 

219 Hearing 

220 Bactenology 

221 Heanng 

222 Heart 
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224 Venereal diseases 

225 Dental disease 

226 Radium 

227 Epidemiology 

228 Influenza 

229 Mental Defect 

230 Immunity 

231 Radium 
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